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NONLINEAR  MIXING  OF  OPTICAL  SOLITONS 
WITH  DIFFERENT  FREQUENCES 

V.V.  Afanasjev  and  V.A.  Vysloukh 


Abstract 

The  problem  of  the  mixing  of  one-soliton  pulses  with  different  carrying  frequencies  is 
considered.  Parameters  of  solitons  forming  in  far  field  zone  is  calculated  by  a  method  based 
on  the  Inverse  Scattering  Transform. 
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Abstract: 

We  report  the  first  expmmental  observation  of  an  ultrafast  all-optical  switch  in  a 
semiconductor  waveguide  configuration  where  the  transmission  is  not  limited  by 
absorption  processes. 
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Nonlinearity  Near  Half-Gap  In  Bulk  and  Quantum  Well  GaAs/AIGaAs  Waveguides 
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fax:  (908)949-2473 


ABSTRACT 


We  report  the  nonlinear  index  and  two-photon  absorption  coefficient  near  half-gap  in 
bulk  and  multiple  quantum  well  GaAs/AlGaAs  waveguides.  Pump-probe  measurements 
show  an  intriguing  exchange  of  energy  between  orthogonal  axes. 
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Field  Dependent  All-optical  Switching  in  GaAs  Quantum  Well  Waveguides 
operating  beyond  the  Two  Photon  Absorption  Limit 

H,K.Tsang.  R.V.Pcmy  and  l.H.Whilc 
University  of  Bath.  School  of  Physics.  Bath  BA2  7A  Y.  U.K. 

R.S.Grant.  W.Sibbctt 

University  of  SLAndicws.  Dcpl.  of  Physics  and  Astronomy. 

St.  Andrews  KYI6  9SS.  U.K. 

J.B.D.Soolc,  E.Colas.  N.CAndrcadakis.  H.P.LcBlaiK 

Bellcore.  331  Newman  Springs  Road.  Red  Bank  NJ07701.  USA. 

Abstract 

We  report  a  Held  dependent  two  photon  absorption  in  GaAs/AlGaAs  roulli-quantuni  well  waveguides  near 
half  bandgap,  and  over  x  radians  phase  modulation  from  sub-picosecond  nonlinear  refraction. 
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SECOND  HARMONIC  GENERATION  IN  OPTICAL  FIBRES  - 
THE  LONGITUDINAL  FIELDS  IN  SYMMETRY  BREAKING 


THE  ROLE  OF 


Mark  G  Sccats  and  Simiin  B  Poole 


Optical  Fibre  Technology  Centre 
University  of  Sydney  NSW  2046 
Australia 


ABSTRACT 

Seeded  SHG  in  ftbres  is  quanliUlively  explained  by  the  proptisition  that  the  longitudiwl 
Held  of  the  pump  mode  is  involved  in  the  kinisalion  of  Ce-Si  wrong  tHjnds  Uirough  a  d- 
photon  ionisation  process  invoving  two  pump  photons  and  one  seed  photon. 
interference  produces  a  grating  of  defects  which  has  the  correct  inversion  asymmetry 
produce  SHG.  Optical  pumping  of  the  trapped  electrons  in  Gc(l)  centres  dcvclopcs 
electrostatic  field  which  produces  SHG  by  the  EFISH  mechanism. 
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Saturation  of  twe-photon  excited 


photoluminescence  in  Ge-doped  fiber 


Sophie  LaRochelle,  Alain  Blouin,  and  FVangois  Ouellette 
Universite  Laval 

Centre  d’Optique,  Photonique  et  Lasers 
Departement  de  genie  electrique 
Quebec  (Quebec),  Canada,  GIK  7P4 

Abstract 

The  400  na  photolaiotnesceiicc  band  of  Ge-doped  optical  fiber  was  excited  by 
two-photon  absorption  of  488  tun  and  514  nai  cw  argon  laser  bght.  We  observed  a 
satnntion  of  the  luminescence  signal  as  the  excitation  light  power  was  increased. 
FVom  the. measured  value  of  the  saturation  intensity,  and  the  luminescence  lifetime, 
the  two-photon  absorption  crass-section  can  be  estimated. 
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Tu_sjay,  9:30  PM 


Interference  between  photon  echoes  in  an  Er-doped  fiber 


V.L.  da  Silva,  Y.  Silberberg,  J.P.  Heritage,  and  E.W.  Chase 


Bellcore,  33 J  Newman  Springs  Road,  Red  Bank,  New  Jersey  07701-7040 
Tel:  (908)  JSSfJJSO,  FAX:  (908)  741-2891 

Abstract 


We  report  the  observation  of  a  new  interference  effect  that  leads  to  a  near 
cancellation  of  the  second  order  photon  echo  in  an  Er-doped  fiber. 


PDP-8  Tuesday,  10:00  PM 


PASSIVE,  ALL-FIBRE  SOURCE  OF  FUNDAMENTAL, 
FEMTOSECOND  SOLITONS 


DJ.RICHARDSON,  A.B.  GRUDININ  AND  D.N.  PAYNE 

OPTOELECTRONICS  RESEARCH  CENTRE 
UNIVERSITY  OF  SOUTHAMPTON 
SOP  5NH,  UK 

We  report  for  the  first  time  the  generation  of  50  fs  solitons  from  an  all-fibre  circuit 
comprising  a  passively  mode-locked  erbium-doped  fibre  laser,  an  erbium-doped  fibre 
amplifier  and  a  short  section  of  dispersion-shifted  fibre. 
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Repetition  rate  control  of  an  LD-pumped  femtosecond  erbium- 

doped  fiber  laser  using  a  sub  ring  cavity 
by 

Masataka  Nakazawa,  Eiji  Yoshida,  and  Yasuo  Kimura 
Nonlinear  Optical  Transmission  Media  Research  Group 
NTT  Optical  Transmission  Line  Laboratory 
Tokai,  Ibaraki-ken  319-11 
Japan 

Abstract 

The  pulse  repetition  rate  of  a  femtosecond  erbium-doped  fiber  laser  with  a 
nonlinear  amplifying  loop  mirror  can  be  controlled  by  attaching  a  sub  ring 
linear  cavity  whose  transit  time  is  the  inverse  integer  of  that  in  the  main 
cavity. 


POP-10  Tuesday,  13:20  PM 

A  Diptal  Nonlinear  Optical  Loop  Mirror  Switch 

N.  Finlayson,  B.K.  Nayar,  N.J.  Doran 
BT  Laboratories,  Martlesham  Heath,  Ipswich 

ABSTRACT 

A  novel  double-pass  nonlinear  optical  loop  mirror  is  used  to  generate 
digital  all-optical  switching  characteristics.  The  device  is  capable  of 
generating  square  pulses. 
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All-optical,  all-fiber  circulating  shift  register  with  inverter 
N.  A.  Whitaker,  Jr.,  M.  C.  Gabriel,  H.  Avramopoulos.  A.  Huang 
AT&T  Bell  Laboratories 
Hoimdel,  NJ  07733 

Abstract 

An  all-optical  fiber-Sagnac  interferometer  switch  and  erbium  amplifier  have  been  combined  to 
form  a  254  bit  circulating  shift  register  with  an  invener. 

PDP-12  Tuesday,  10:40  PM 

All-optical  analog-to  digital  and  digital-to-analog  conversion 
based  on  cross-phase  modulation 

J.-M.  Jeong  and  M.  E.  Marhic 

Department  of  Electrical  Engineering  and  Computer  Science 
Northwestern  University 
2115  Sheridan  Rd..  Evanston.  Illinois  6020S 

Phone:  (TOS)  491  7074 
F.^.X:  (70S)  491  4455 


Abstract 


All-optical  analog-to  digital  and  digital-to  analog  converters  using  cross-phase  modulation 
in  a  two- wavelength  nonlinear  interferometer  are  proposed  and  demonstrated. 
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NONLINEAR  MIXING  OF  OPTICAL  SOLITONS  WITH 
DIFFERENT  FREQUENCES 


V.V.  Afanasjev 

Academy  of  Sciences  of  the  USSR,  General  Physics  Institute, 

38  Vavilov  street,  117942  Moscow,  USSR 
Telex  411074  LIMEN  SU,  Fax  (7095)  135-8139, 

Tel.(7095)  132-8306,  E-mail  serkin@sci.fian.msk.su  (Internet) 

V.A.  Vysloukh 

Moscow  State  University,  Physics  Department,  119899  Moscow,  USSR 
Telex  411483  MGU  SU,  Fax  (7095)  939-3113,  Tel.  (7095)  939-3091 


The  subject  of  this  work  is  results  of  theoretical 
investigation  and  computer  simulations  of  nonlinear 
dynamics  of  wave  packets,  forming  under  mixing  of 
optical  solitons.  The  interest  to  this  problem  is  mo¬ 
tivated  by  the  important  application  of  solitons  to 
spectral  multiplexing  in  soliton  communication  sys¬ 
tems  and  by  possibility  to  use  soliton  effects  in  fem¬ 
tosecond  laser  systems  in  order  to  control  the  param¬ 
eters  of  short  light  pulses. 


In  this  work  we  consider  the  range  of  picosec¬ 
ond  pulse  duration,  for  which  the  complex  envelope 
of  electrical  field  q{2,  r)  is  described  by  Nonlinear 
Schrodinder  equation  (see,  for  example  [1]) 


.dq  _  1  d^q 
*dz  2dr^ 


+  kl’?! 


(1) 


where  the  distance  z  is  expressed  in  units  of  disper¬ 
sion  length  Ld  =  ro/|Aj|,  r  =  (t  —  z/u)rQ~*  is  mov¬ 
ing  time  normalized  to  the  initial  pulse  duration  tq, 
u  is  the  group  velocity,  ikj  =  d^k/du^.  The  com¬ 
plex  amplitude  is  normalized  to  the  maximum  value, 
corresponding  to  the  amplitude  of  one-soiiton  pulse 
kni  =  [Ssrtj/ir^fconjcno)]*/*,  where  k  =  l:(wo)  is 
the  propagation  constant,  no  -  refractive  index,  n^- 
nonlinear  refractive  index. 

The  one-soliton  solution  of  (1)  is 


q,  =  icosech[/eo(r  -  T’e  -  Vz)]exp(itf(z,T)], 

eiz,r)  =  -VoT  +  {Vo^-4)2/2  +  ^o,  (2) 

where  kq  is  the  soliton  form-factor,  defining  the  am¬ 
plitude  and  duration  of  soliton,  -  is  the  coordinate 
of  amplitude  maximum,  -  initial  phase,  V  -  soliton 
velocity  (in  this  form  of  normalization  V  is  equivalent 
to  frequency  detuning). 


We  are  interested  in  the  initial  conditions  in  the 
form  of  superposition  of  two  one-soliton  pulses 

90(1")  =  sech(Ti)exp[-i(pri  -I-  ^)]-f- 

sech(Ti )  exp[i(pT2  -I-  ^)],  (3) 

n  =  r-l-r,,  T,  =  r  -  r,, 

where  parameter  p  =  ro(wj  -  wi)/2  characterize  the 
dimensionless  frequency  detuning  between  carrying 
frequencies  wi  and  wj,  parameter  r,  is  the  initial  time 
separation  and  ^  —  phase  mismatch. 

This  problem  was  discussed  recently  in  analogous 
mathematical  statement  in  (2).  Authors  of  [2],  using 
the  Inverse  Scattering  IVansform  [3]  analyse  the  case 
of  great  frequency  mismatch  (p  ^  1).  The  main  re¬ 
sult  is  that  for  great  p,  wave  packet  (2)  divides  into 
two  solitons  with  equal  amplitudes,  and  difference  of 
velocities  decreases  by  a  value  6V,  which  is  propor¬ 
tional  to  p~^.  This  result  [2]  is  in  a  good  agreement 
with  the  experimental  data  [4].  In  this  paper  we  dis¬ 
cuss  the  case  of  small  p  (p  <  1)  by  analytical  ap¬ 
proach;  and  in  numerical  experiments  we  discuss  the 
wide  range  of  p  and  the  dynamics  of  transitional  pro¬ 
cess. 

Our  purposes  are  to  analyse  the  features  of  propa¬ 
gation  of  wave  packets  (2)  and  discuss  the  possibility 
of  using  the  nonlinear  interference  effects  for  com¬ 
pression  of  pulses  and  control  of  the  pulse  carrying 
frequency. 

Analytical  approach  It  is  known  [3],  that  the 
forming  soliton  parameters  may  be  obtained  from  the 
eigenvalues  problem; 

-I-  vO  =  A<r<J, 
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where  initial  conditions  (3)  enter  in  the  form  of  a 
potential.  We  rewrite  (3)  in  the  form 

go{r)  =  Arsech(r)  +  Sg(r),  (5) 

where  N  =  2,  and 


of  form-factor  (Re(i9)  ^  0,  Im(6g)  =  0).  Using  (9), 
(10)  we  may  calculate  the  response  functions  for 
IV  =  2,  m=  1,2 

=  ^sech^(’’). 


^^(r)  =  Afsech[cos(pT)  —  1]  at  =  0,  ^  =  0.  (6) 

For  p  <  1,  Sq{T)  is  the  small  perturbation 

fig(r)  Rs  — p*sech(r).  (7) 


Kg  =  2sech(r)  1  —  -sech^(r)  , 


K\  =  --sh(r)sech‘‘(r), 


It  is  known  [5],  that  the  initial  conditions  (3)  at 
p  =  0  (and,  accordingly,  at  Sq  =  0),  correspond  to 
a  .Af-soliton  bound  state  with  the  form-factors  k„  = 
2m  —  1,  where  m  =  I,...,  N  and  the  zero  velocities 
Vm  =  0.  To  analyse  the  influence  of  the  perturbation 
Sq  on  the  parameters  ic^,  we  use  the  technique 
developed  in  [6]  for  arbitrary  N.  According  to  this 
technique,  it  is  possible  to  present  the  perturbance 
parameters  of  m-soliton  component  (where  m  =  1 
corresponds  to  a  soliton  with  maiximum  form-factor) 
in  an  integral  form: 

+  0O 

J  A-?(r)Re[i,(r))dr, 

•OO 

4-00 

«K,.=  J  K7(T)Im(6,{r)]dr,  (8) 

—  00 

where  a  symmetric  with  respect  to  r  responce  func¬ 
tion  and  an  antisymmetric  one  K'^  are  expressed 
by  the  variational  derivatives  of  eigenvalues  of  (4) 

=2\6\„/Sq  +  6\„/Sq-\. 


K:^=2\SA„/Sq-6A„/Sq'\,  (9) 

Formulas  obtained  in  [6]  for  variational  derivatives 
are 

6A„  _  .  r(21V-m-t-l) 

6q  ‘r»(Ar)[2ch(r)]J'^’‘ 

[BZZliry  +  BZzlirfr^dr,  (10) 


if'  ’"■V*"’'*' 


where  F  is  the  Gamma-function,  and  function 
is  determined  from  the  expansion 


3{N-\) 

[H-2sh(r)yVr‘' =  =  0- 

n=0 

(11) 

From  a  comparison  of  (6)  and  (8),  we  obtain  that 
frequencies  detuning  p  ^  0  leads  only  to  a  change 


=  sh(r)sech*(r)  ^sech^(r)  — 2  .  (12) 

Substituting  (6)  and  (12)  into  (8),  we  obtain,  after 
integration,  the  expression  for  the  form-factor  per¬ 
turbance  for  the  both  solitons 

Ski  =  -P^f{p),  Sk2  =  -4[1  -  /(p)]  -  pV(p)  (13) 

where  /(p)  =  (Tp/2)/sh(Tp/2).  As  p  — »  0,  the  per¬ 
turbances  of  the  form-factors  have  the  asymptotics 
Ski  =  -p^,  Sk2  =  -{k^/6+  1)p^. 

The  dependencies  of  xj  =  3-(-ixi  and  xj  =  1-1- ixj 
on  p  corresponding  to  (13)  are  shown  on  Fig.  1(a). 
One  can  see  that  as  p  increases,  form-factors  of  both 
solitons  decrease  and  at  p  »  0.5  2-solitons  bound 
state  transforms  into  one-soliton  pulse  with  the  form- 
factor  xi  »  2.75.  From  our  point  of  view,  it  is  a 
practically  interesting  result,  because  for  an  input 
signal  one  can  obtain  a  one-soliton  pulse  with  ap¬ 
proximately  three  times  less  duration. 

Numerical  analysis  When  the  parameter  of  fre¬ 
quency  detuning  p  increases  (p  >  0.5),  the  conditions 
of  using  of  the  perturbance  method  of  inverse  scatter¬ 
ing  transform  are  not  valid,  because  Sq  is  not  small. 
In  such  a  case,  it  is  necessary  to  use  the  numerical 
IST-based  method  for  calculation  of  eigenvalues  Am 
of  (4).  The  key  elements  of  this  method  are  discussed 
in  [7],  so  we  shall  restrict  the  discussion  to  the  main 
results. 

In  Fig.  1(a)  the  dependencies  of  form-factors  xi, 
X2  on  p  are  shown.  As  it  is  seen  from  Fig.  1(a),  for 
p  <  0.5,  these  dependencies  are  in  good  agreement 
with  the  analytical  result  (13).  For  p  Rs  1.51,  the 
character  of  the  solution  essentially  changes:  from 
initial  condition  (3)  two  separating  solitons  are  form¬ 
ing  with  the  same  form-factors  but  with  opposite  (in 
sign)  velocities.  These  solitons  are  going  in  opposte 
directions  with  respect  to  each  other,  while  propagat¬ 
ing  along  the  fiber.  The  dependence  of  velocity  V}  on 
p  is  shown  on  Fig.  1(b)  (Vi(p)  =  — Vj(p))-  We  see 
that  |Vi,2|  — *  p  when  p  — »  oo,  and  difference  |Vi  —  p| 
is  proportional  to  p~^  in  agreement  with  the  ana¬ 
lytical  result  [2].  Also  we  note  that  the  value  of  p, 
when  two  separated  solitons  appear,  approximately 
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corresponds  to  value  of  p  at  which  Hamiltonian  of 
(1)  H(p)  =  0. 


Fig.  1.  The  form-factors  ki,]  (a)  and  velocity  Vj  (b)  of 
2-soliton  initial  condition  pulse  (5)  as  a  function  of  p.  In 
Fig.  1(a)  the  dashed  lines  were  calculated  by  the  analytical 
approach  (13),  the  solid  lines  —  numerical  calculations  of 
eigenvalues  (4).  The  line  marked  (-2-)  corresponds  to 
two  separating  solitons  with  the  same  form-factors  and 
opposite  velocities.  In  Fig.l(b)  the  solid  Une  —  result  of 
calculations,  dashed  line  is  the  limit  of  V  =  p. 

For  modelling  the  dynamics  of  the  transitional  pro¬ 
cess  we  use  the  direct  numerical  methods  for  solving 
NLS  equation  (1).  In  Fig.  2  is  shown  the  pulse  shape 
transformation  along  the  fiber.  The  case  in  Fig.  2(a) 
illustrates  the  dynamics  of  forming  of  the  one-soliton 


pulse,  and  Fig.  2(b)  -  the  dynamics  of  two  separated 
solitons.  The  soliton  parameters,  calculated  by  the 
direct  numerical  solution  (1)  for  z  >  1,  and  by  the 
method  of  inverse  scattering  transform  are  in  a  good 
agreement. 


Fig.  2.  Transformation  of  the  pulse  shape  along  the 
fiber  at  p  =  1.45  (a)  and  p  =  1.55  (b).  In  case  (a)  the  * 
one-soliton  pube  b  forming  with  ki  s:  1.37  and  V)  =  0 
and  in  case  (b)  two  solitons  are  forming  with  ki,]  s:  0.95 
and  velocities  V]  =  — Vj  st  0.36. 

The  results  presented  above  address  the  case  of  the 
same  phases  (0  =  0)  and  same  iiiitial  coordinates 
(r,  =  0)  of  the  solitons.  In  Fig.  3  are  shown  the 
calculated  dependencies  of  form-factors  rci  and  rcj  on 
the  time  delay  for  fixing  frequency  mismatch  p  =  0.5. 
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One  can  see  that  as  r,  increases,  /ci  —  kj  —  1.  This  initial  pulse  (5)  at  =  3  (clashed  lines).  Addi- 
limit  case  (r,  — ♦  1)  corresponds  the  problem  of  the  tionally  we  calculated  Km(p)  for  initial  conditions 
collision  of  Schrodinger  solitons,  moving  with  differ-  =  [1 -H  2  cos(pr)]sech(r)  (Fig,4,  solid  lines), 

ent  velocities.  It  is  known  [3]  that  after  a  collision  This  initial  condition  corresponds  to  3-channel  spec- 
the  form-factors  and  velocities  remain  unchanged,  tral  multiplexing.  In  particular,  mixing  of  three  soli- 
Figs.  3(b)  illustrates  the  dependencies  of  kj  kj  on  tons  with  different  carrying  frequencies  at  p  =  1.4  re- 
the  initial  phase  mismatch  0  for  two  values  of  p.  suits  in  forming  of  the  one-soliton  pulse  with  k  «  4.5. 


Fig.  3.  The  '.form-factors  of  2-soUton  pulse  (5)  as  a 
function  of  time  delay  r,  (a)  and  as  a  function  of  phase 
mismatch  0  for  various  values  of  frequency  detuning  p. 

Conclusion  Note  that  the  technique  of  nonlin¬ 
ear  soliton  mixing  in  optical  fibers  with  different 
wavelength  give  the  new  possibilities  for  control¬ 
ling  the  soliton  parameters.  These  possibilities  ex¬ 
pand  significantly  when  we  pass  from  2-  to  TV-soliton 
pulses.  For  example,  Fig.4  illustrates  the  3-soliton 
cases.  The  dependencies  of  Km(p)  are  shown  for 


Fig.  4.  The  form-factors  Km  of  3-sollton  initial  condi¬ 
tions  9o(t)  =  3cos(pr)sech(r)  (dashed  lines)  and  goir)  = 
[1  -f  2cos(pr)]sech(r)  (solid  lines)  as  a  function  of  fre¬ 
quency  detuning  p.  The  lines  marked  (-2-)  correspond 
to  two  separating  solitons  with  the  same  form-factors  and 
opposite  velocities. 
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Abstract 

We  report  the  first  experimental  observation  of  an  ultrafast  all-optical  switch  in  a 
semiconductor  waveguide  configuration  where  the  transmission  is  not  limited  by 
absorption  processes. 
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Introduction 

There  has  been  considerable  interest  in  ail-optical  switching  devices  which  utilise  the 
nonresonant  contribution  to  the  nonlinear  refractive  index,  nj.  The  nonresonani  nature 
of  the  effect  makes  the  response  time  of  such  devices  in  the  femtosecond  region.  To 
date  nonresonant  effects  have  been  confined  to  glass  waveguides  and  fibres,  where  the 
low  absorption  available  has  allowed  the  high  optical  intensities  required  to  propagate 
without  causing  damage  to  the  sample. 

Semiconductors  could  potentially  be  much  more  efficient  devices,  recent  theoretical 
investigations  predict  relatively  large  values  of  ni  close  to  half  the  fundamental  band 
gap^  The  predicted  value  of  n2,  the  nonresonant  contribution  to  the  nonlinear  refrac,  /e 
index,  is  plotted  in  figure  1.  Previous  investigations  into  all-optical  switching  in 
semiconductor  waveguides  have  been  limited  by  the  two-photon  absorption  effect^-^. 
Indeed  the  photo-excited  carriers  generated  by  the  two-photon  process  induce  a 
negative  index  change  which  washes  out  the  smaller,  positive  contribution  from  the 
nonresonant  term,  the  two-photon  band  edge  is  also  plotted  in  fig  1. 


Wavelength  (nm) 


Fig.  1  Theoretical  plot  of  n2  showing  the  resonance  close  to  the  two-photon 

absorption  edge  and  P,  the  two-photon  absorption  coefficient,  as  a 
function  of  wavelength,  nearhalf  the  fundamental  band-gap. 

We  present  the  first  experimental  demonstration  of  an  all-optical  switch,  in  a 
semiconductor  waveguide,  where  the  transmission  of  the  device  is  not  limited  by  two- 
photon  absorption.  The  AlGaAs  waveguides  contained  sufficient  A1  to  shift  the  band 
edge  towards  the  visible,  so  that  TPA  would  not  be  a  problem  in  the  1.55  pm  spectral 
region.  Initial  experiments  performed  on  a  similar  waveguide  structure  have  shown 
spectral  broadening  close  to  the  two-photon  band-edge*^. 

Th3  waveguides  used  in  this  investigation  were  fabricated  from  an  MBE  grown  wafer 
with  the  following  layer  structure.  The  substrate  was  n'*'  GaAs,  on  which  a  4  pm  thick 


Pd2~3 


isolation  layer  of  AIo.25Gao.75As  was  grown.  The  relatively  thick  isolation  layer  was 
used  to  reduce  losses  due  to  the  high  index  GaAs  substrate.  The  high  index 
waveguiding  layer  consisted  of  a  1.5  |Am  thick  layer  of  Alo.i8Gao.82 As  and  finally  the 
cladding  consisted  of  a  1.5  4m  layer  of  Alo.25Gao.75  As.  Ail  layers  were  un-doped. 
Directional  couplers  were  fabricated  by  a  combination  of  photolithography  and  reactive 
ion  etching,  to  depths  of  1.2-1.45  pm.  To  ensure  that  all  of  the  input  power  was 
coupled  into  a  single  arm  of  the  directional  coupler,  the  devices  were  fabricated  with  a 
single  input  charmel,  the  second  guide  starting  -Imm  from  the  input  facet 

The  TEo  mode  was  excited  by  endfire  coupling  the  output  from  a  synchronously 
pumped,  mode-locked  NaCl:OH'  colour  centre  laser,  into  the  input  arm  of  the 
directional  coupler  using  a  20X  microscope  objective.  The  laser  produced  lOps  pulses 
which  were  tuneable  across  the  low-loss  telecommunications  window  around  1.55  4m. 
The  output  of  the  coupler  was  collected  using  a  60X  microscope  objective,  allowing  the 
light  from  the  two  ou^ut  channels  to  be  spatially  separated  onto  two  Ge 
photodetectors.  The  input  intensity  was  controlled  using  a  computer  driven  half- 
waveplate/polariser  combination.  The  output  from  both  the  bar  and  cross  states, 
togetter  with  the  input  power  were  recorded  by  chopping  the  beam  and  connecting  the 
detectors  to  the  computer  via  lockin  amplifiers. 


Fig  2.  Transmission  of  the  bar  and  cross  states  for  the  nonlinear  coupler  as  a 
function  of  total  output  intensity.  The  data  was  taken  at  X;=1.56  4m. 

Figure  2  shows  a  plot  of  the  experimentally  measured  transmission  of  the  bar  and  cross 
stated  of  a  directional  coupler  with  a  6.25  mm  long  coupling  section,  as  a  function  of 
the  total  output  power.  The  coupler  consisted  of  4  4m  wide  waveguides  separated  by 
54m,  the  input  wavelength  was  1.56  4m.  From  figure  2  it  is  clear  that  the  transmission 
of  the  bar  and  cross  states  has  become  a  function  of  intensity  and  switching  between  the 
two  states  can  clearly  be  seen.  * 

The  coupling  length  of  the  device  was  determined  by  a)  a  theoretical  model  using  the 
known  properties  of  the  device  and  b)  comparison  of  all  couplers  with  the  same 
waveguide  width  on  the  chip  to  the  predicted  results  of  the  model.  Using  this  model  we 
were  able  to  predict  that  the  coupler  used  in  these  experiments  had  a  coupling  length  of 
0.63 Lc  at  1.56  4m.  The  switching  of  the  device  was  limited  by  the  total  power 
available  from  the  colour  centre  laser. 
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The  switching  response  of  the  nonlinear  directional  coupler  has  been  predicted  by 
Jensen^,  using  coupled  mode  theory.  The  CW  response  of  the  nonlinear  coupler  is 
given  by: 


I,(L)=I(0) 


equ.  1 


Where  L  is  the  length  of  the  coupling  section,  Lc  is  the  coupling  length,  m=[I(0)/Ic]^. 
Ib(L)  is  the  output  intensity  of  the  bar  state,  1(0)  is  the  input  intensity,  cn(ulm)  is  a 
Jacobi  elliptic  function  and  is  given  by: 


For  a  nonlinear  coupler  with  a  responce  time  which  is  much  faster  than  that  of  the 
detection  system  used  we  need  to  examine  the  time  average  of  equ.  1,  this  is  plotted  in 
figure  3  for  a  nonlinear  coupler  of  length  L=0.63  Lc  as  can  be  seen  by  comparing 
figures  2  and  3  the  nonlinear  coupler  is  behaving  as  predicted  by  coupled  mode  theory. 


Total  Output  intensity  (W/cni2) 

Fig  3. Theoretical  plot  of  transmission  against  total  output  intensity  for  a  coupler 
of  length  L=  0.63Lc. 

By  comparing  figures  2  and  3  we  were  able  to  determine  the  magnitude  of  n2  for 
AJo.i8Gao.g2 As,  at  1.56  lira,  to  be  9.5  x  lO’^^cra^  W-i. 

To  determine  the  underlying  mechanism  giving  rise  to  the  effect,  we  performed  a 
pump-probe  experiment  on  the  nonlinear  coupler:  A  low  power  probe  pulse  was  split 
off  from  the  main  input  beam,  delayed  by  50  ps,  and  coupled  into  the  waveguide.  The 
transmission  of  the  delayed  probe  was  measured  as  a  function  of  pump  power.  No  * 

evidence  of  switching  was  observed  by  the  delayed  probe  pulse.  If  the  underlying 
mechanism  was  thermal  in  nature  then  the  response  time  would  be  around  a 
microsecond  or  if  it  was  due  to  phoK>-generated  carriers  then  the  recovery  would  be  of 
the  order  of  a  few  nanoseconds. 

In  conclusion  we  have  demonstrated  switching  in  an  Alo.i8Gao.82 As  directional  coupler 
in  the  1.55  urn  spectral  region.  Pum{>-probe  experiments  have  eliminated  the  possibility 
that  the  underlying  mechanism  is  thermal  or  due  to  photo-generated  carriers.  Our 
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experimentally  determined  value  of  n2=9.5  x  lO'*”*  cm^W'i,  which  is  consistent  with 
that  predicted  by  theory. 
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Nonlinearity  Near  Half-Gap  in  Bulk  and  Quantum  Well  GaAs/AlGaAs  Waveguides 

MN.  Islam,*’  C.E.  SoccoUch,*’  RE.  Slusher,*’’  A.  F.  J.  Levi,*’’  W.  S.  Hobson,'’’  and  M.G.  Young  *’ 
a)  AT&T  Bell  Laboratories,  Holmdel,  NJ  07733 
b)  AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 

We  present  measurements  of  the  nonlinear  index  n2  and  two-photon  absorption  coefficient  ^  as  well  as 
time  resolved  pump-probe  data  for  both  bulk  AlGaAs  and  GaAs/AlGaAs  multiple  quantum  well 
waveguides  near  half-g^  at  1.68  pm.  The  figure  of  merit  ( 2n2/pX. )  [1]  for  the  bulk  (MQW)  material  is  17 
(1.6),  which  means  that  these  semiconductors  below  half  bandg^  are  appropriate  for  all-optical  switching 
and  quantum  optics  applications.  The  ^  value  is  up  to  25  times  larger  in  the  MQW.  This  larger  value  may 
result  from  mid-g:q>  states  that  act  as  a  stepping  stone  in  two-photon  absorption  (TPA).  The  mid-gap 
absorption  should  not  be  fundamental  to  MQW  material  provided  that  caution  is  exercised  during  the 
growth  to  avoid  impurities  and  interface  states.  We  confirm  that  n2  is  instantaneous  on  the  300  fs  tiine 
scale  of  our  pulses  tom  self-phase-modulation  spectra  as  well  as  time-resolved  pump-probe  measurements. 
However,  we  find  an  intriguing  exchange  of  energy  between  the  two  orthogonal  axes  with  the  signal  along 
the  probe  axis  following  the  negative  derivative  of  the  pump.  This  result  may  be  explained  by  self-phase- 
modulation  of  the  pump  combined  with  a  low  frequency  Raman  gain  between  mthogonal  axes. 

Our  laser  source  is  a  passively  modelocked  NaQ  color  center  laser  whose  ouqxit  is  separated  into 
orthogonally  polarized  pump  and  probe  beams.  A  stepper-motor  controlled  delay  line  is  used  to  vary  the 
time  separation  between  the  two  pulses,  which  are  recombined  at  a  polarizing  beam  splitter  and  then  sent  to 
the  waveguides.  In  the  bulk  samples  a  ridge  waveguide  is  formed  in  a  2.SSpm  thick  layer  of  Alo^Gaoj  As. 
and  guiding  is  provided  by  a  2.5S|im  underlying  layer  of  Al<xjGaojAs.  The  ridge  height  is  0.7pm  and  its 
width  is  4.Spm  [2].  The  MQW  and  bulk  waveguides  are  grown  in  difrierent  MOCVD  reactms  that  may,  for 
example,  have  different  levels  of  oxygen  impurities.  The  MQW  waveguide  core  consists  of  200  periods  of 
40  A  GaAs  wells  and  70  A  AlojGaarAsbainers.  We  assure  guiding  in  the  venical  dimension  by  using  a  3 
pm  thick  layer  of  lower  index  AlojGao^  As  below  the  MQW  guide,  and  lateral  confinement  is  provided  by 
etching  a  2  pm  wide  ridge  with  a  0.6pm  height 

As  in  the  case  for  optical  fibers,  we  can  use  the  simple  self-phase-modulaiion  spectral  technique  for 
measuring  n2  in  our  semiconductor  waveguides.  In  the  bulk  material  the  intensity  required  rex’  a  ti  phase 
shift  is  3.1±0J  GW/cm^,  which  yields  a  value  of  n2=+3.6(±0.5)xlO^’^cm^/W.  In  the  MQW  for  the  electric 
field  polarized  in  the  plane  of  the  quantum  wells  ill  we  obtain  112  =  ■f8.7(±1.7)xl0~’*cm^/W,  and  for  the 
polarization  perpendicular  to  the  quantum  wells  ej|z  we  find  a  value  of  n2  =  +S.4(±l)xl(r'*cm^/W.  We 
attribute  the  up  to  2.4  times  enhaiKement  in  the  MQW  to  a  stronger  IS-exciton  intermediate  state.  The 
maximum  enhancement  in  the  quantum  wells  should  be  proportional  to  the  ratio  of  three-dimensional  to 
quasi-two-dimensional  exciton  volume  multifdied  by  a  filling  factor  to  account  for  the  fraction  of  material 
in  the  wells.  For  the  parameters  in  our  MQW  we  c^culate  a  theoretical  maximum  enhancement  of  >>3.4 
that  is  peaked  close  to  the  TPA  band  edge.  We  expect  to  observe  less  than  the  maximum  enhancement 
since:  (1)  we  are  -  60  meV  away  tom  the  onset  of  IPA;  and  (2)  the  observed  nonlinearity  results  not  only 
tom  the  IS-exciton  intermediate  state,  but  also  through  other  states  that  are  not  as  strongly  confined. 
Therefore,  our  measured  enhancement  of  2.4  (1.5)  for  el£  (e||z)  is  reasonable. 

To  measure  ^  in  the  MQW  material  we  measure  the  transmission  of  a  single  beam  as  a  function  of  input 
intensity.  Following  the  procedure  in  Ref.  [1],  we  plot  the  reciprocal  of  the  transmission  versus  input 
power  and,  after  correcting  for  the  Gaussian  pulse  inofile,  extract  P  from  the  slope.  For  ill  we  obtain  an  * 
average  value  of  ^  =  6.S±lxl(r*  cm/MW,  and  for  ei|z  we  obtain  a  lower  average  value  of  P  =  4±0.6xl(r* 
cm  /  MW.  The  nonlinear  absorption  is  much  weaker  in  our  bulk  material;  so,  for  a  mote  accurate  measure 
including  three-photon  absorption,  we  study  the  nonlinear  loss  using  a  probe  beam  [2].  By  fitting  the  probe 
absorption  coefficient  we  obtain  P  =  0.26  x  KT* cm/MW  and  a  thrw-photon  absorption  coefficient  of 
a3  =  0.004cmVGW2. 
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The  larger  values  for  ^  in  the  MQW  samples  should  not  be  fundamental  to  MQW  material  and  probably 
arise  because  of  mid-gap  or  deep  level  states  in  the  material.  The  larger  concentration  of  mid-g^  states  in 
the  MQW  may  be  due  to  interface  states,  higher  levels  of  impurities,  or  differences  in  the  MOCVD  reactors 
in  which  the  two  samples  were  grown.  Further  evidence  that  suggests  the  existence  of  mid-gap  states  in  our 
MQW  ntaterial  is  found  firom  pump-probe  measurements.  For  the  probe  preceding  the  pump  (8t<0)  we  find 
a  inonounced  difference  between  the  bulk  and  MQW  material.  Whereas  in  the  bulk  the  transmission  <rf  the 
probe  does  not  change  with  and  without  the  pump,  for  the  MQW  there  is  a  decrease  in  the  probe 
transmission  when  the  pump  is  added  even  for  5t<0.  To  understand  the  origin  of  this  long-lived 
harkgm‘«»^  in  the  MQW  material,  we  studied  the  change  in  transmission  of  the  probe  (with  and  without  the 
pump)  for  8t<0  as  a  function  of  pump  power.  In  Fig.  1  we  plot  oL  =  -ln[l-AT/To],  which  is  the  total 
pump  induced  absorption  coefficient,  versus  the  average  pump  intensity  at  the  waveguide  input  The  slope 
of  the  absorption  at  low  pump  intensity  indicates  a  process  and  the  long  time  constant  (>  12  ns)  is 
consistent  with  mid-gap  state  mediated  TP  A.  In  bulk  material  mid-gap  states  may  have  lifetimes  of 
between  1-lOns.  On  the  otha  hand,  in  MQW  if  the  electrons  escape  fiom  the  wells  and  become  qmtially 
separated  from  the  ionized  centers,  then  the  lifetimes  may  extend  into  the  microsecond  range. 

We  perform  time-resolved  pump-probe  measurements  with  orthogonally  polarized  pump  and  probe 
pulses.  Only  the  probe  beam  is  modulated,  and  the  signal  firom  the  detector  at  the  waveguide  ouqxit  is  fed 
to  a  lock-in  that  is  referenced  to  the  same  modulation  firequency.  Other  than  the  background  for  St^  in  the 
MQW,  we  observe  the  same  kind  of  tempmal  behavior  in  the  bulk  and  MQW.  Therefore,  to  avoid 
complications  fiom  the  long-lived  background,  we  show  here  the  pump-probe  data  as  a  function  of  pump 
power  far  the  biiiif  sample.  In  Fig.  2  we  include  tiiree  sets  of  data  that  are  collected  as  a  function  of  pump 
power  (a)  no  polarizer  to  see  the  complete  change  in  output  due  both  to  the  pump  and  probe;  (b)  polarizer 
at  output  along  {HObe  axis  to  see  the  change  in  probe  due  to  the  pump  beam;  and  (c)  polarizer  at  output 
along  pump  axis  to  see  the  change  in  pump  due  to  the  probe.  Note  that  although  the  three  curves  of  each 
set  in  Hg.  2  are  drawn  on  the  same  scale,  the  various  data  are  displaced  for  ease  of  display.  With  no 
polarizer  at  the  waveguide  output  we  observe  the  expected  behavior  for  multi-photon  absotptioit.  For 
example,  in  Fig.  3  we  plot  the  normalized  peak  change  in  transmission  ( AT/T)  as  a  function  of  peak  pump 


Fig.  1  Change  in  transmission  of  the  probe  with  and  without  the  pump  (oL  =  -ln(I-AT/To))  for  8t<0 
as  a  function  of  average  pump  intensity  in  the  MQW  waveguides. 
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intensity  at  the  bulk  waveguide  input  and  find  contributions  from  two  and  three  photon  absorption.  When 
we  add  the  polarizer  to  the  waveguide  output,  the  behavior  becomes  much  more  complicated  in  both  the 
bulk  and  MQW.  The  inobe  pulse  is  attenuated  when  overlapped  with  the  leading  edge  of  the  pump  pulse 
and  amplified  in  the  trailing  edge.  In  Fig.  3  we  also  include  the  peak-to-peak  change  AT/T  of  the  probe  and 
see  a  linear  behavior,  thus  confirming  that  the  derivative-like  signal  is  due  to  a  process  .  Note  that 
when  the  probe  rises  above  its  level  for  8t<0  that  the  probe  experiences  significant  gain  ( as  large  as  13%), 
indicating  a  transfer  of  energy  between  the  two  axes. 

One  possible  explanation  for  the  exchange  of  energy  between  the  two  axes  is  a  low  frequency  Raman 
gain.  Self-phase-roodulation  chirps  the  pump  pulse  (red-shifts  the  leading  edge  and  blue-shifts  the  trailing 
edge),  while  Raman  gain  transfers  energy  fnm  the  higher  to  the  lower  frequency  pulse.  The  data  implies  a 
Raman  coefficient  between  orthogonally  pohrized  pulses  of  Rj.  -  S3xl(r"cm/W  for  Av<3(X:m~‘ ,  which  is 
more  than  two  orders  of  magniude  larger  than  in  fused  silica  fibers  for  comparable  Av.  A  low  frequency 
Raman  gain  of  this  magnitude  may  arise  in  the  AlGaAs  alloy,  where  the  randm  occupation  of  sites  relaxes 
the  k-conservation  rule  for  first  «der  Raman  scattering.  In  addition,  even  in  the  perfect  crystal  there  are 
second  order  Brillouin  processes  that  involve  two  phonons  and  that  are  Raman-like;  i.e.  wave  vector 
conservation  is  satisfied  by  the  difference  between  two  acoustic  phonon  wave  vectms. 

In  summary,  we  have  measured  the  real  and  imaginary  components  of  neat  the  half-gap  in  bulk 
AlGaAs  and  CteAs/AlGaAs  MQW  waveguides.  For  the  bulk  material  we  find  n2»4-3.6xl(r‘^cm^  /W  and 
3=0.26xl(r^cin/MW,  which  imply  a  figure  of  merit  Fa,=17.  In  the  MQW  we  find  that  the  nonlinearity  is 
enhanced  up  to  2.4  times  over  the  value  in  bulk,  which  is  consistent  with  the  maximum  enhanceroem 
expected  frm  the  IS  intermediate  state.  Hnaliy,  time-resolved  pump-probe  measurements  confirm  that  the 
nonlinearity  is  instantaneous  and  show  that  at  least  two  mechanisms  are  responsible  for  the  derivative-like 
behavior  along  the  probe  axis. 

[1]  V.  Mizrahi.  K.W.  DeLong,  GX  Stegemn.  MA.  Saifi  and  MX  Andrejoo,  Opt  Leu.  14 , 1 140  (1989). 

(2]  S.T.  Ho.  C£.  Soooolich.  W.S.  Hofaaon,  AFJ.  Levi.  MN.  Islam  and  R.E  Slushet,  "Large  Nonlinear  Phase 
Shifts  in  Low-Loss  AlGaAs  Waveguides  Near  Half-Gap,"  (to  be  published  in  Appl.  Phys.  Leu.). 
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Fig.  3  Peak-to-peak  change  in  transmission  AT/T  nonnalized  to  the  probe  transmission  in  the  bulk 
waveguide  as  a  function  of  output  pump  intensity.  The  solid  dots  correspond  to  no  polarizer,  and  the  x's 
coneqxmd  to  a  polarizer  at  the  output  along  the  probe  axis. 
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Recently,  two  photon  absorption  (TP A)  in  semiconductor  materials  has  been  found  to  impose  a  serious 
limitation  on  the  amount  of  ultrafast  optically  itiduced  phase  modulation  available  for  use  in  all-optical 
switching  elements*.  The  limit  arises  because  nonlinear  absorption  reduces  the  effective  available  nonlinear 
length  of  an  element  so  that  it  is  not  possible  to  obtain  large,  ultrafast,  all-optical  phase  modulation  at  a  given 
switching  power  by  merely  increasing  the  device  length.  To  date  the  magnitude  of  ultrafast  aU-optical  phase 
modulation  in  semiconductor  materials  operating  relatively  close  to  the  bandgap  has  proved  insufficient  for 
their  use  in  all  aU-optical  switching  structures^,  although  it  has  been  possible  to  obtain  sufficient  phase 
modulation  by  using  the  relatively  slow  (>5()ps  recovery  time)  refractive  index  change  from  photogenerated 
carriers*.  In  this  paper  we  demonstrate  that  it  is  possible  to  work  beyond  the  TPA  limit  by  operating  close 
to  the  half  bandgap  wavelength  where  TPA  is  minimal.  We  have  observed  over  re  radians  ultrafast  all-optical 
phase  modulation  in  a  GaAs/AlGaAs  multi-<]uantum  well  (MQW)  waveguide  and  have  characterised  the 
field  and  polarization  dependences  of  the  nonlinear  absorption  near  half  barvlgap.  These  measurements 
show  that  GaAs/AlGaAs  MQW  waveguides  can  be  successfully  used  for  ultrafast  all-optical  switching  in 
the  lJ5pm  optical  fiber  communications  band. 

The  GaAs/AlGaAs  MQW  waveguides  used  in  the  measurements  had  an  n  doped  MQW  region  (n«l0'^ 
cm'^  formed  by  54  GaAs  quantum  wells  of  5nm  nominal  width  and  53  4nm  wide  Alo^sCa^ssAs  barriers. 
The  MQW  region  was  grown  on  top  of  a  n-doped  Alo^uGaossAs  buffer  layer  deposited  on  a  ((X)l  ]  orientated 
n+  GaAs  substrate.  A  1pm  thick  p-doped  Alo45Gaoj5As  (p-5xl0“  cm'*)  was  grown  on  the  MQW  region 
and  this  acted  as  the  top  cladding  layer  of  the  waveguide.  Ribs  of  0.55|im  height  and  4pm  width  rurming 
in  the  [  iTO]  crystal  direction  were  etched  in  the  top  cladding  layer.  Ohmic  metal  contact  was  made  to  the 
top  and  bottom  of  the  waveguides  to  allow  an  electric  field  to  be  applied  across  the  MQW.  The  waveguides 
used  in  the  experiment  were  cleaved  to  3mm  length  and  anti-reflection  coated  for  the  U-1.6pmband.  Room 
temperature  photoluminesence  measurements  of  the  MQW  material  indicated  that  the  ‘bandgap’  ^ 
(electron-heavy  hole  transition)  of  the  quantum  wells  corresponded  to  a  wavelength  of  814nm. 
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Figure  1  Experiinenul  set-up  (o  meatufc  nonlinear  absoiption  and  self  phase  modulation.  I^opikal  isolator,  Hshalfwave  plate, 
P^polahzer,  Asattenuator  wheel,  PM-power  meter  (inserted  when  requiredX  I^iens,  WsMQW  waveguide. 

Figure  1  shows  the  experimental  set-up.  A  coupled  cavity  mode-locked  NaQ  color  center  laser 
provided  pulses  of  typically  250fs  duration  at  a  repetition  rate  of  164MHz.  The  pulses  were  tuneable  in  the 
1 .55- 1 .63pm  spectral  region  using  asingle  birefringentplate.  The  light  was  coupled  into  the  MQW  waveguide 
using  a  0  JNA  lens.  The  polarization  of  the  incident  optical  pulses  was  set  to  either  TE  or  TM  by  means  of 
a  halfwave  plate  and  polarizer,  and  the  incident  optical  power  was  varied  using  an  attenuator  wheel  The 
nonlinear  absorption  for  each  polarization  was  characterized  by  measuring  the  waveguide  transmission  and 
photocurrent  at  different  incident  powers  and  electrical  biases.  By  measuring  the  optical  spectra  of  the 
transmitted  pulses,  it  was  possible  to  determine  the  spectral  broadening  from  self-phase  modulationfSPNf). 
Comparison  of  the  spectral  broadening  due  to  SPM  in  the  MQW  waveguides  with  that  due  to  SPM  in  a  well 
characterised,  monomode,  dispersion-shifted  optical  fiber  gave  a  measure  of  the  of  the  nonlinear  refraction 
in  the  MQW  waveguide. 


(a)  Wawlungrh 


Wavaltngih 


FigUK  2(a)  Output  spectra  at  high  (185W)  peak  input  power  and  low  (-1(W)  peak  input  power  of  15Sfun  TM  light  (b)  Spectra  of 

pilses  transmitted  through  2.63m  length  of  optical  fiber  at  530W  peak  input  power  (upper  trace)  andspectrum  of  the  input 
pulse  (lower  trace). 

Nonlinear  refraction  in  the  MQW  waveguides  gave  rise  to  self-phase  modulation  (SPM)  of  the  250fs 
optical  pdlses.  The  spectral  broadening  from  SPM  (Figure  2)  appeared  on  both  sides  of  the  spectral  peak, 
indicating  that  the  nonlinearity  had  rise  and  recovery  tiroes  much  shorter  than  the  250fs  pulse  duration’.  The 
asymmetry  of  the  spectra  in  Figure  2  was  due  to  asymmetry  present  in  the  input  pulses  and  also  appeared 
when  the  pulses  were  passed  through  an  optical  fiber  in  a  reference  experiroem  (Fig.  2b).  No  significant 
polarization  dependence  in  the  spectral  broadening  was  observed  in  the  output  from  the  MQW  waveguides. 
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By  comparing  the  spectral  broadening  due  to  SPM  in  the  MQW  waveguides  (Fig.  2a)  with  that  due  to  SPM 
in  a  well  characterised  optical  fiber  (Fig  2b).  an  estimate  of  the  nonlinearity  in  the  MQW  waveguide  was 
possible.  The  spectral  broadening  shown  in  Fig.  2  corresponded  to  -4  radians  phase  change,  implying  a 
value  for  the  nonlinear  refractive  index  coefficient  nj  of  -9xl(r“cm^/W. 

In  the  experiment,  the  average  photocurrent  was  found  to  be  proportional  to  the  square  of  the  input 
power,  for  iiqiut  powers  up  to  200W  peak,  the  maximum  used  in  the  measurements.  Thus  for  the  power 
levels  employed,  two  photon  absorption  dominated  over  three -photon  or  higher  order  absorption.  The  value 
of  the  TPA  coefficient  at  a  particular  wavelength  was  determined  by  employing  the  usual  technique  of 
plotting  lAransmission  versus  the  input  power  (Figure  3a).  Plots  similar  to  Figure  3a  were  obtained  for 
different  wavelengths  in  the  1.5Spn>  fo  1.63tun  range  .  The  values  of  the  TPA  coefficients  obtained  from 
such  plots  are  shown  in  Rgure  3b.  The  TPA  coefficient  for  TE  light  decreased  fron  l.lcm/GW  at  USpm 
to  O.lScm/GW  at  1.628pm  wavelength.  The  TPA  coefficient  for  the  TM  polarization  did  not  vary  signifi¬ 
cantly  over  this  wavelength  range,  measuring  about  -O.lScm/GW.  The  strong  polarization  dependence  at 
USpm  may  be  explained  by  the  different  energies  of  the  electron-heavy  hole  (e-hh)  transition  (at  814nm) 
and  electron-light  hole  (e-lh)  transition  (around  770nm)  in  the  quantum  well.  Selection  rules  ‘allow’  the 
e-hh  transition  only  for  the  TE  polarization.  Therefore  at  1.5Spm,  TPA  of  TE  light  is  possible  involving  the 
‘allowed’  e-hh  transitions  whereas  TPA  of  TM  light  is  only  energetically  possible  by  ’forbidden’  c-hh 
transitions  or  transitions  to  band-tail 


Peak  Input  Power  (Watts) 
(a) 


Wavelength  (um) 
(b) 


Figure  3(»)  Typical  plot  from  transmittion  meafuremenu  to  give  the  TPA  coefticient  at  a  piiticulv  (US|iin)  wavelength.  3(b) 
Experimental  values  for  the  TPA  coefficient  for  TE  and  TM  light. 

A[^lication  of  an  electric  field  produces  a  shift  to  lower  energies  of  the  e-hh  and  e-lh  transitions  as 
a  result  of  the  quantum  confined  Stark  effect  (QCSE).  The  wavelengths  corresponding  to  the  half  bandgap 
energy  will  also  be  red  shifted  by  the  ()CSE.  thus  increasing  the  TPA  at  wavelengths  near  the  half  baixlgapa 
This  was  observed  experimentally  for  both  TE  aixl  TM  light  at  wavelengths  which  corresponded  to  the 
half-energy  ofthe  e-hh  and  e-Ih  transitions  respectively  (Figure  3).  At  1.5Spro  wavelength  the  TPAcoefficient 
for  TM  light  increased  from  0.15cm/GW  to  0.6cin/GW  for  a  change  in  reverse  bias  from  OV  to  -7.5-lOV 
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(an  electric  field  change  of  -140kV/cm).  For  TE  light  at  1.55^m.  the  TPA  coefficient  did  not  exhibit  any 
significant  change  with  bias  because  of  the  large  detuning  from  the  e-hh  half  energy.  At  1 .63iim  (at  the  e-hh 
half  energy)  the  TPA  coefficient  for  TE  light  increased  from  0. 1  cm/G  W  to  0.6cm/G  W  for  a  change  in  reverse 
bias  from  OV  to  -7.5- 1 OV.  For  TM  light  at  1 .63tun  there  was  no  significant  change  in  TPA  with  bias  because 
of  the  large  detiming  from  the  e-lh  transition.  These  observations  are  consistent  with  the  QCSE. 

A  figure  of  merit'.  T=0Xyn],  where  0  is  the  TPA  coefficient,  is  often  used  to  characterize  the  suitability 
of  a  material  for  all-optical  switching.  For  the  GaAs/AlGaAs  MQW  waveguides,  the  figure  of  merit  takes 
a  value  of  T=0.25  for  TM  light  at  1.55pm.  easily  satisfying  the  criterion  for  an  all-optical  Mach  Zehnder 
switch  of  T<2.  This  figure  contrasts  dramatically  with  the  value  at  wavelengths  closer  to  the  single  photon 
absorption  edge',  where  T-20. 
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Figure  4  Experimenul  values  of  ttic  TPA  coefricient  U  different  biases  for  TE  light  at  1 .63um  and  TM  light  at  1  ^Suro. 


In  summary,  we  have  made  the  first  observation  of  a  field  dependent  TPA  and  observed  large  rmnlinear 
refraction  with  relaxation  times  of  <250fs.  The  refractive  nonlinearity  reported  here  for  the  GaAs/AlGaAs 
MQW  waveguides  is  sufficiently  large,  and  the  TPA  coefficient  sufficiently  small,  to  aUow  the  imple¬ 
mentation  of  an  ultiafast  all-optical  switch.  The  GaAs/AlGaAs  MQW  material,  operating  near  half-bandg^, 
is  the  best  candidate  for  an  ultrafast  integrated  semiconductor  all-optical  switch  reported  to  date. 
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ABSTRACT 

Seeded  SHG  in  fibres  is  quantitatively  explained  by  the  proposition  •  that  the  longitudinal 
field  of  the  pump  mode  is  involved  in  the  ionisation  of  Ge-Si  wrong  bonds  through  a  3- 
photon  ionisation  process  invoving  two  pump  photons  and  one  seed  photon.  This 
interference  produces  a  grating  of  defects  which  has  the  correct  inversion  asymmetry  to 
produce  SHG.  Optical  pumping  of  the  trapped  electrons  in  Ge(  1 )  centres  developes  an 
electrostatic  field  which  produces  SHG  by  the  EFISH  mechanism. 


INTRODUCTION 

The  initial  observation  of  efficient  SHG  in  fibres  has  led  to  considerable  speculation 
concerning  the  underlaying  mechanism*'*-.  It  is  generally  accepted  that  there  is  no 
description  which  is  quantiatively  accurate,  and  the  principal  reason  for  this  is  that  the 
mechanism  of  symmetry  breaking  required  to  explain  the  high  conversion  efficiencies  has 
not  been  discovered.  In  this  paper  we  develop  a  model  which  quantiatively  explains  the 
effect. 


THE  MODEL 

a.  Symmetry  Breaking  -  production  of  defects  via  the  longitudinal  fields. 

The  only  mechanism  proposed  hithertoo  which  has  the  correct  symmetry  breaking 
involves  either  the  DC  field  arising  from  the  third-order  susceptibility  *  (which  is  too  small 
to  drive  structural  changes)  or  the  involvement  of  (unobserved)  idler  modes  *^.  In  this 
model*^,  we  recognise  that  the  inversion  asymmetry  is  developed  through  the  involvement 
of  the  longitudinal  fields  of  the  modes  in  the  formation  of  defect  centres  in  the  fibre  core. 
These  fields*'*  have  an  azimuthal  ( 9  )  dependence  such  that  the  defect  density  will  be 
created  asymmetrically  across  the  core  of  the  fibre. 

The  first  step  is  the  creation  of  charged  defect  centres  in  the  fibre  stabilised  by  stress 
relief*^.  This  occurs  by  ionisation  of  Ge-Si  wrong  bonds  to  produce  a  positive  GeE'  centre 
and  a  trapped  electron  in  a  nearby  Ge(l)  or  Ge(2)  centre.  The  production  of  these  defects 
has  been  verified*^.  This  is  a  3-photon  ionisation  process  involving  2  pump  photons  and*  I 
seed  photon*^.  It  is  this  combination  which  produces  a  grating  along  the  fibre  which  has 
the  correct  beat  length  for  quasi-phase  matching  the  SHG  process'*,  ie  7r/(2  B  p- j^c).  where  A 
denotes  a  propagation  constant.  ' 

Previously^,  it  was  believed  that  the  fields  responsible  for  this  process  were  the  transverse 
fields,  but  this  simply  gives  a  distribution  of  defects  which  is  symmetric  with  regard  to  the 
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polarisation  axis,  say  x.  What  is  required  is  the  formation  of  a  defect  distribution  which  is 
asymmeric  with  repect  to  x  -  ie  one  which  varies  as  cos  6  .  In  this  paper,  we  recognise  that 
such  a  contribution  will  arise  if  the  2-(ie  longitudinal)  component  of  the  pump  field  is 
involved  in  the  ionisation  process.  This  field  is  generally  disregarded  because  the  power  in 
it  is  small  relative  to  the  transverse  fields.  However,  it  arises  in  optical  fibres  because  of  the 
confinement  induced  by  the  core-cladding  interface*'^,  and  the  field  strength  becomes 
large  in  high  fibres  of  the  type  used  to  produce  SHG.  It  is  of  order  (2  A.  UfW,  where  U 
is  the  dimensionless  eigenvalue  of  the  pump  field  with  a  dimensionless  size  parameter  V. 
This  is  about  13  %  of  the  transverse  field  strength,  and  this  is  a  considerable  contribution 
in  an  interference  process.  For  the  HEn  mode  the  azimuthal  dependence  of  the 
longitudinal  field  is  cos  ©  ,  which  has  the  correct  asymmetry.  Thus  the  longitudinal  field, 

when  involved  in  a  three  photon  ionisation  process  through  terms  such  as  Ep,2  Ep,x  Es,*  , 
gives  a  grating  of  defects  which  breaks  the  inversion  symmetry.  The  product  of  the  radial 
and  azimuthal  field  functions  of  these  components  defines  the  distribution  function  of  GeE' 
defects  in  the  core  of  the  fibre. 

b.  Formation  of  electrostatic  fields  by  optical  pumping. 

There  is  no  macroscopic  electrostatic  field  produced  by  the  formation  of  these  defects.  This 
is  because  the  asymmetric  distribution  functions  of  the  positive  GeE'  centres  and  the 
negative  Ge(l)  and  Ge(2)  centres  overlap.  We  note  in  passing  that  these  centres  do  not 
recombine  because  the  large  nuclear  displacement  arising  from  the  ionisation  of  the  Ge-Si 
wrong  bond  irreversibly  relieves  the  thermoelastic  stress  in  the  core  of  the  fibre^^.  In  a 
forthcoming  paper the  authors  will  demonstrate  that  the  mechanism  of  stress  relief  is 
the  general  basis  behind  the  writing  of  permanent  phase  gratings  in  the  cores  of  optical 
fibres  by  intense  visible  or  uv-light. 

We  propose  that  an  electrostatic  field  is  produced  in  the  core  of  the  optical  fibre  by  optical 
pumping.  Firstly,  we  note  that  Ge(l)  traps  can  be  detrapped  by  visible  light  through  a 
single-photon  process  and  Ge(2)  traps  by  a  two-photon  process.  The  de  trapped  electrons 
will  diffuse  through  the  core,  until  a  photostationary  distribution  is  developed.  We 

consider  a  crude  model  in  which  such  a  Ge(i)  charge  distribution  is  established  in  the 

presence  of  the  seed  SHG  field,  which  redistributes  the  Ge(l)  centres  by  single  photon 

absorption.  The  local  Ge(l)  population  density  is  scaled  by  a  factor  N/(1+Ip(r,  ©)/lo)i  where 
lp(r,©)  is  the  modal  field  intensity,  Iq  is  the  saturation  intensity  for  depopulation  of  the 
Ge(l)  centres,  and  N  is  the  normalisation  factor  which  ensures  conservation  of  the  Ge(l) 
centres  whithin  the  core.  The  redistribution  is  illustrated  in  Fig.  1.  which  plots  the  Ge(l) 
centres,  the  corresponding  GeE’  centre  distribution  and  the  resultant  nett  charge 

distribution  arising  from  the  separation  of  the  Ge(l)  and  GeE’  centres,  for  the  case  of  HE21 
seeding.  In  this  case  the  electrons  are  pumped  into  the  core  centre. 

The  electrostatic  field  arising  from  this  charge  separation  can  be  evaluated  from  solution  of 

Poisson’s  equation.  We  denote  the  radial  dependence  of  that  field,  which  has  the  same 

azimuthal  dependence  as  the  transverse  SHG  field,  by  rd(r).  The  effective  field  for  SHG  is 
then  found  by  the  overlap  of  this  field  distribution  with  the  second-harmonic  field 

distribution.  The  complete  details  will  be  published  elsewhere  The  mean  field  strength, 
at  the  peak  of  the  interference,  is  given  by 

Edc  =  UA^  p  rc  Sir  e  /  £ 

where  P  is  the  number  density  of  Ge(l)  centres  in  the  core  of  radius  rc  ,  £  is  the  dielectric 
permittivity  of  silica  and  Sir  is  the  dimensionless  overlap  integral,  of  order  unity,  of  the 

SHG  field  distribution  with  the  electrostatic  field  distribution,  given  by 

Sir  =  ( 1  +  5(1))  j  r  d(r)  fi,t  (r)  dr  Itc^ 

O 
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We  note  that  thermal  relaxatiQn  of  the  electrostatic  field  is  quite  likely  when  the  SHG  light 
is  absent.  However,  such  a '  relaxation  does  not  give  rise  to  charge  recombination  because  of 

the  stress  stabilisation  described  above.  This  rationalises  the  induction  time  observed  for 
SHG  in  aged  fibres. 

c.  SHG  by  the  EFISH  process. 

The  SHG  occurs  when  the  fibre  is  subject  only  to  the  pump  fields.  The  electrostatic  field 
generates  SHG  through  the  third-order  susceptibility  X  Thus 

X  xxx^2)  =  Xxxxx^^^  Edc  '^p  cos((^p  -  s)z) 

where  and  are  the  core  fill  factors  of  the  SHG  and  pump  modes. 

EVALUATION 

The  model  can  now  be  quantitatively  tested.  We  consider  the  case  of  SHG  in  the  HE21  mode. 
The  saturation  number  density  of  Ge(l)  centres  ^  can  be  estimated  from  the  saturation 
number  density  of  GeE’  centres  and  the  fraction  of  electrons  released  by  their  production 
which  are  trapped  in  Ge(l)  centres.  We  find  that  P  =  2.3x10*6  cm'^-  The  integral  Sio  was 

estimated  to  be  0.71.  Thus  the  mean  electrostatic  field  strength  is  estimated  to  be  80  V/pm 
for  a  1pm  radius  core.  For  a  fibre  with  ^  =  0.008,  we  estimate  an  effective  ^  of  6.3x  10**^ 
m/V,  compared  with  the  saturation  value  of  2.8xl0‘*6  mA^  measured  experimentally. 

The  modal  selection  rules  for  SHG  from  this  model  are  not  strict.  TE  and  TM  modes  do  not 
pusses  longitudinal  fields,  wheras  the  HE  and  EH  modes  do.  In  most  cases,  we  can  find  a 
longitudinal  field  component  which  provides  the  correct  symmetry  for  SHG  from  the  pump 
into  that  mode.  The  longimdinal  field  can  be  that  of  the  seed.  The  relative  efficiencies  of 
HE  and  EH  modes  will  depend  on  the  overlap  integral  Sip.  The  polarisation  of  the  modes  is 
complicated  by  the  bias  of  the  response  to  x-polarisation.  Thus  the  modes  will  be 
approximated  by  the  LP  description,  with  the  dominant  polarisation  coincident  with  the 
pump.  For  the  case  of  self-seeded  SHG,  the  initial  SHG  generated  through  the  quadrupolar 
interactions^*  will  play  a  critical  role  because  the  selection  rules  are  stronger.  These 
results  are  in  general  agreement  with  experimental  observations*^'^®. 

We  conclude  that  the  model  gives  good  agreement  with  experiment.  The  most  important 
future  is  the  symmetry  breaking  through  an  involvement  of  the  longitudinal  fields  of 
either  the  pump  or  probe  in  the  photioinisation  of  wrong  bonds,  stabilisation  of  these 
defects  by  stress  relief  and  optical  pumping  of  the  electrons  to  produce  a  macroscopic  field, 
which  produces  SHG  by  the  EFISH  process. 
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Figure  Caption 

Figure  I:  The  radial  dependences  of  the  positive  GeE'  centres  (□).  the  optically  pumped 
negaove  Ge( I )  centres  (y)  and  the  nett  charge  (0)  for  SHG  in  the  //£,,  mode  from  a  pump 
in  the  W£  ,  mode  arc  shown 
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Saturation  of  two-photon  excited  photoluminescence 

in  Ge-doped  fiber 

Sophie  LaRochelle,  Alain  Blouin,  and  Frangois  Ouellette 
Centre  d’Optique,  Photonique  et  Lasers 
Departement  de  genie  electrique,  Universite  Laval 
Quebec  (Quebec),  Canada,  GlK  7P4 

The  photosensitivity  of  Ge-doped  fiber  allows  the  fabrication  of  useful  devices  like  Bragg 
gratings  or  intermodal  couplers.  Nevertheless,  the  physical  mechanism  leading  to  a  per¬ 
manent  refractive  index  change  is  still  not  well  understood.  It  has  been  suggested  that 
the  bleaching  of  an  absorption  band  at  245  nm  plays  an  important  role  in  the  process. 
One  signature  of  this  absorption  band  is  the  photoluminescence  emitted  around  400  nm 
[1].  This  photoluminescence  can  be  excited  by  direct  absorption  of  UV  light,  and  this 
method  has  been  used  previously  to  characterize  the  245  absorption  band  [1,2].  We  show 
here  that  the  luminescence  can  also  be  excited  by  two- photon  absorption  of  light  around 
500  nm.  By  measuring  the  photoluminescence  signal  as  a  function  of  the  input  intensity, 
we  have  observed  significant  deviation  from  the  expected  quadratic  dependence,  indicat¬ 
ing  a  saturation  of  the  two-photon  absorption.  From  our  measurements,  the  saturation 
intensity  can  be  deduced,  and  the  two-photon  absorption  cross-section  can  be  estimated. 

In  our  experimental  set-up,  the  argon  laser  light  at  488  nm  or  514  nm  is  mechamcally 
chopped,  and  launched  in  the  core  of  the  fiber  (Lightwave  Technologies  PMF500  single¬ 
mode  fiber).  The  two-photon  excited  luminescence  at  400  nm  is  collected  on  the  side  of 
the  fiber,  by  a  large  N.A.  lens,  and  sent  through  a  monochromator  cind  color  filters,  to 
remove  completely  the  scattered  excitation  light.  A  photomultiplier  detects  the  filtered 
light  and  the  signal  is  processed  by  a  lock-in  amplifier.  Fig.  1  shows  the  spectrum 
of  the  luminescence  excited  by  488  nm  and  514  nm  light.  The  signal  is  stronger  with 
488  nm  excitation,  although  at  longer  wavelengths,  both  signal  intensities  are  the  same, 
indicating  that  more  than  one  band  may  be  responsible  for  the  absorption  [1].  Fig.  2 
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shows  the  luminescence.signal  at  400  nm  as  a  function  of  the  excitation  intensity  for  both 
488  nm  and  514  nm  excitation.  The  data  show  a  significant  deviation  from  the  purely 
quadratic  dependence  expected  for  two-photon>induced  luminescence,  but  can  be  htted 
very  well  by  a  saturation  function  of  the  form: 

'  l  +  (/exW 

The  solid  line  indicates  the  theoretical  fit  obtained  from  this  equation.  From  this  fit,  we 
obtained  values  of  I,  of  5.98±0.16  MW/cm*  at  488  nm  and  9.6±0.25  MW/cm*  at  514 
nm.  The  difference  in  the  values  of  /,  is  expected  since  it  also  depends  on  the  detuning 
from  the  center  of  the  absorption  line.  If  we  assume  that  the  488  nm  line  is  almost 
exactly  resonant,  then  we  find  from  these  values  of  I,  that  the  514  nm  line  is  about  one 
linewidth  away  from  the  line  center. 

We  also  measured  the  luminescence  of  the  same  fiber  heated  at  400  C  in  a  high  pressure 
hydrogen  atmosphere.  It  was  recently  shown  that  this  treatment  enhances  the  photosen¬ 
sitivity  of  the  fiber  [3],  as  well  as  its  absorption  at  245  nm  [1,2].  The  saturation  intensity 
was  found  to  be  smaller  than  in  untreated  fiber  by  about  40%.  This  means  that  either 
the  two-photon  absorption  cross-section  is  larger,  or  the  relaxation  time  of  the  lumines¬ 
cence  level  is  longer.  In  either  case,  it  shows  that  the  presence  of  hydrogen  modifies 
substantially  the  physical  characteristics  of  the  absorbing  defects.  Table  1  summarizes 
these  results  and  also  shows  the  relative  photoluminescence  intensity  (proportional  to 
a//^),  normalized  to  the  signal  obtained  with  488  nm  excitation  in  an  untreated  fiber. 

A  similarly  good  fit  to  the  experimental  data  can  be  obtained  if  one  considers  that  the 
absorbing  dipoles  are  perfectly  oriented.  The  signal  is  then  proportional  to: 

{I ! I,Y  cos*  9  sia9dB 


T 


+  (I/I.ycos^9 

The  value  of  I,  obtained  in  this  case  is  smaller  by  about  1.52.  This  is  because  an  average 
is  made  between  the  dipoles  of  different  orientations  that  are  more  or  less  easy  to  saturate. 
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To  get  an  estimate  of  the  two-photon  absorption  cross-section  (TPAC),  we  assume  that 
most  of  the  excited  electrons  accumulate  on  the  upper  luminescence  level,  which  is  known 
to  be  a  metastable  level  of  lifetime  r  %  80/isec.  The  TPAC  is  then  given  by: 

a  =  hufrl^ 

Using  our  measured  values  of  /,,  we  obtain  cross-sections  of  the  order  of  10~“-10~^' 
cm‘‘/W.  Better  estimates  of  the  TPAC  would  require  a  precise  measurement  of  the  lu¬ 
minescence  lifetime.  Still,  the  measurement  of  the  saturation  intensity  provides  a  simple 
but  powerful  tool  for  characterizing  the  UV  absorption  band. 

One  goal  of  this  experiment  was  to  measure  the  diminution  of  the  photoluminescence 
signal  as  the  fiber  is  exposed  to  a  high  intensity  for  a  long  time.  This  would  confirm  that 
the  absorption  band  is  indeed  bleached  out.  However,  even  after  prolonged  exposure,  no 
noticeable  change  in  the  signal  could  be  detected,  although  the  rather  poor  signaJ  to  noise 
ratio  did  not  allow  us  to  detect  a  change  of  less  than  about  5%.  It  remains  to  be  seen 
whether  such  a  small  bleaching  of  the  absorption  band  could  account  for  the  permanent 
index  change  close  to  10“^  observed  in  photosensitive  fiber. 
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Fig.  1:  Photoluminescence  spectrum  for  the  two  excitotion  wavelengths 
(488  nm  ond  514  nm). 


Fig.  2:  Photoluminescence  signal  os  o  function  of  input  power  for 
488  nm  and  514  nm  excitation.  Solid  lines:  theoretical  fit. 
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Table  1:  Relative  signal  intensity  and  saturation  intensity  for 
excitation  at  488nm  and  514nm  in  untreated  and  H,-treated  fiber 


488  nm 

5  1  4nm 

<x/l.’ 

1, (MW/cm*) 

a/1,* 

1, (MW/cm*) 

1  .0 

5.98 

0.47 

9.60 

1  .57 

3.36 

0.76 

6.50 
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We  report  the  observation  of  a  new  interference  phenomenon  in  photon  echo 
experiments  which  are  performed  in  an  optical  fiber.  This  phenomenon  is  unique 
to  the  guided  wave  environment  and  is  the  result  of  propagation  in  an  optically 
thick  absorber.  The  use  of  optical  fibers  allows  long  interaction  lengths  where  the 
propagation  of  the  excitation  pulses  as  well  as  the  echoes  is  important. 

In  our  experiment  we  have  measured  the  shape  of  the  second-order  echo 
generated  in  an  Er-doped  fiber.  We  have  found  that  below  a  certain  power  level 
the  second  order  echo  is  double-peaked,  and  that  at  higher  power  levels  it  resumes 
its  expected  single  peak  shape.  We  attribute  this  phenomenon  to  an  interference 
between  two  echo  pulses  generated  through  different  mechanisms,  as  explained 
below. 

We  have  used  a  modified  version  of  the  accumulated  photon  echo  experiment 
described  in  [1].  Michelson  interferometer  was  used  to  generate  a  pair  of 
delayed  pulses  from  a  NaCl:OH  “  color-center  laser  with  additive-pulse  mode¬ 
locking.  This  pulses  were  spectrally  filtered  and  then  amplified  in  an  Er-doped 
fiber  pumped  by  a  second  color-center  laser.  The  spectral  filter  and  fiber  amplifier 
combination  assures  that  the  amplified  pulses  spectrum  is  matched  to  the 
absorption  line  of  the  Er-doped  fiber.  Furthermore,  as  the  amplifier  is  operated  in 
the  saturation  regime,  the  output  pulses  are  not  sensitive  to  small  fluctuations  in 
the  additive-pulse  mode-locked  laser.  The  amplified  pulses  were  0.8  psec  long  and 
had  76  W  peak  power.  They  were  coupled  to  a  4.5  m  long  piece  of  Er-doped 
germanium-calcium-aluminum  silicate  fiber  which  was  coiled  to  a  4  cm  diameter, 
spliced  to  dispersion-shifted  fiber  pigtails  and  immersed  in  liquid  helium. 

The  total  average  power  coming  out  of  the  amplifier  was  10  mW,  which  was 
enough  to  saturate  the  absorption  from  45  dB  to  less  than  S  dB.  Under  this 
excitation  condition  we  could  observe  up  to  three  orders  of  echo,  as  can  be  seen  in 
fig.  1.  This  figure  shows  the  cross-correlation  of  a  delayed  pulse  from  the  color- 
center  laser  with  the  output  from  the  cooled  fiber. 
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Figure  1 .  Cross-correlation  of  the  output  from  the  cooled  Er-doped  fiber . 

We  introduced  a  fiber  attenuator  between  the  fiber  amplifier  and  the  cooled  Er- 
doped  fiber  in  order  to  investigate  the  accumulated  photon-echo  behavior  as  a 
function  of  the  excitation  intensity.  The  first  echo  pulse  increases  with  the 
excitation  power  until  it  saturates  at  ~  0.3  mW  of  transmitted  power.  The  second 
echo  pulse,  however,  evolves  differently.  Figure  2  shows  its  cross-correlation  for 
several  power  levels.  Below  0.4  mW  the  second  echo  is  double-peaked.  As  the 
power  is  increased,  the  valley  between  the  peaks  decreases  until  it  completely 
disappears.  From  there  on,  the  second  echo  pulse  has  a  single-peaked  shape  and  it 
grows  with  the  excitation  power. 

Photon  echoes  can  be  described  as  diffraction  orders  on  a  frequency  grating 
saturated  into  the  absorption  spectrum  of  an  inhomogeneously  broadened  absorber 
[1].  In  this  model  the  second  order  echo  is  the  result  of  the  second  order  of 
diffraction  of  the  second  excitation  pulse  on  that  absorption  grating.  However,  in 
an  optically  thick  medium,  the  first  order  echo  diffracts  on  the  same  grating,  and 
its  first  order  diffraction  coincides  with  the  second  echo.  It  can  be  shown  that  the 
signal  induced  by  the  first  echo,  which  is  generated  by  two  consecutive 
processes,  is  of  the  same  order  of  magnitude  as  the  process  leading  to  the  true 
second  order  echo.  The  two  terms  have  opposite  signs,  and  therefore  interfere 
destructively  to  form  a  double-peaked  pulse.  A  model  calculating  the  shape  of  the 
second  order  echo  agrees  well  with  the  experimental  results,  as  shown  in  Fig.  3. 
Note  that  the  echo  interference  phenomenon  described  above  is  the  resuk  of 
having  an  optically  thick  medium.  Additional  interference  phenomena  are  expected 
to  occur  when  nonlinear  phase  shift  due  to  the  Kerr  effect  in  the  fiber  becomes  of 
order  it.  The  interplay  between  coherent  effects  and  self-phase  modulation  can  lead 
to  a  rich  variety  of  phenomena  which  we  are  currently  investigating. 
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Figure  2.  Cross-correlation  of  the  second  order  echo  pulse  for  several  transmitted 
powers. 


Pd7-4 


a 

b 

c 

d 

e 

f 

/A 

g 

A 

h 

A 

A 

Figure  3.  Second  order  echo  pulse  shape  for  several  excitation  intensity,  (a)  I  =  2.0 
Is,  (b)  /  »  2.5  Is,  (c)  I  =  3.0  Is,  (d)  I  =  3.5  Is,  (e)  I  =  4.0  Is,  (f)  I  =  4.5  Is,  (g)  I  = 
5.0  Is,  (h)  I  =  5.5  Is.  (i)  I  —  6.0  Is.  Is  is  the  saturation  intensity. 

In  conclusion,  we  have  studied  the  accumulated  photon-echo  in  an  Er-doped 
fiber  in  the  regime  of  strong  absorption  saturation.  We  have  measured  up  to  the 
third  echo  and  observed,  for  the  first  time,  significant  changes  in  the  shape  of  the 
second  echo  as  a  function  of  the  excitation  intensity.  We  have  developed  a 
theoretical  model  that  describes  the  accumulated  photon-echo  in  the  strong 
saturation  regime  that  predicts  the  behavior  of  the  second  echo. 
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PASSIVE,  ALL-HBRE  SOURCE  OF  FUNDAMENTAL, 
FEMTOSECOND  SOLITONS 

DJ.RICHARDSON,  A.B.  GRUDININ*  AND  D.N.  PAYNE 
OPTOELECTRONICS  RESEARCH  CENTRE 
UNIVERSITY  OF  SOUTHAMPTON 
S09  5NTI,  UK 

Advances  in  erbium-doped  fibre  fabrication  and  the  generation  and  amplification  of  ultra- 
short  pulses  [1-5]  make  the  development  of  sub- 100  fs  pulse  sources  based  on  erbium-doped 
fibre  a  very  attractive  proposition. 

Recently,  a  source  of  320  fs  pulses  from  a  passively  mode-locked  fibre  laser  has  been 
reported  [4,5].  Despite  the  very  broad  gain-bandwidth  of  erbium  ions  in  silica,  the  effect  of 
soliton  self-frequency  shift  (SSFS)  restricts  the  minimum  possible  pulse  duration  to  around 
300  fs.  One  possible  way  to  make  shorter  pulses  is  to  exploit  the  pulse  compression  effects 
which  occur  during  soliton  amplification  in  a  fibre  amplifier  [3].  In  this  paper  we  report  the 
results  of  an  experimental  study  of  both  the  temporal  and  spiectral  characteristics  of  pulses 
generated  within  an  all-fibre  unit  containing  a  passive  erbium-doped  fibre  laser,  an  erbium 
doped  amplifier  and  a  short  section  of  undoped  dispersion-shifted  fibre. 

The  experimental  configuration  is  shown  in  Fig.  1 .  The  performance  of  the  passively  mode- 
locked  laser  has  been  described  elsewhere  [4],  With  just  20  mW  of  launched  pump  power 
at  980  nm,  a  power  easily  obtainable  from  a  laser  diode,  the  laser  produces  bandwidth- 
limited  soliton  pulses  with  a  duration  of  500  fs  or  less.  The  average  output  power  in  this 
instance  was  120  ^W.  The  external  amplifier  consisted  of  5.5  m  of  erbium-doped  fibre 
(NA=  0.15,  =  1230  nm)  with  an  Er^*-doping  level  of  800  ppm.  With  an  amplifier 

pump  power  of  200  mW  a  gain  of  25  dB  was  obtained  and  pulse  compression  down  to  90 
fs  was  observed  at  the  fibre  output  (see  Fig. 2).  In  addition  to  the  compression,  note  the 
spectral  shift  due  to  the  Soliton  Self  Frequency  Shift  (SSFS)[6]  in  the  spectra  in  Fig.2.  The 
time-bandwidth  product  for  these  pulses  is  0.3,  in  reasonable  agreement  with  that  expected 
for  a  sech^x  pulse  shape.  Thus,  during  soliton  amplification  and  propagation  we  have 
transformed  500  fs  fundamental  solitons  at  1.56  /xm  into  90  fs  fundamental  solitons  at  1.59  * 
fitn.  At  higher  amplifier  gains,  high-order  soliton  break-up  into  coloured  solitons  due  to  SSFS 
was  observed,  the  individual  pulse  widths  being  of  the  order  1(X)  fsec. 

*  On  leave  from:  Optical  Fibre  Department,  General  Physics  Institute,  USSR  Academy  of 
Sciences,  117942  Moscow. 
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The  amplifier  length  was  reduced  to  4.5  m  in  order  to  reduce  the  SSFS  at  the  amplifier 
output  and  the  amplifier  pump  adjusted  slightly  to  enable  us  to  obtain  the  shortest  possible, 
single,  high-order  soliton  pulse,  as  shown  in  Fig. 3.  A  1.2  m  length  of  dispersion-shifted  fibre 
was  then  spliced  to  the  amplifier  output  in  order  to  obtain  further  pulsewidth  reduction  by 
high-order  soliton  compression. 

The  dispersion  of  the  fibre  was  1.5  ps/nm/km  within  the  1.55-1.61  ^m  wavelength  range. 
At  the  propagation  "focal  point"  within  the  undoped  fibre,  the  pulse  duration  is  comparable 
to  the  Raman  response  time.  We  therefore  expect  SSRS  to  have  a  great  influence  on  the 
pulse  evolution.  The  SSRS  results  in  both  temporal  and  spectral  separation  of  the  short 
central  spike  from  the  rest  of  the  pulse,  yielding  compressed  pulses  at  the  output  of  the 
dispersion-shifted  fibre.  Using  this  technique  we  have  obtained  fundamental  solitons  as  short 
as  50  fs  at  1.59  fim  (Fig. 4a).  With  increased  amplifier  pump  power  we  observed  coloured 
soliton  generation  as  shown  in  Fig. 4.  At  270  mW  pump  input  we  observed  the  appearance 
of  a  second  pulse  (Fig. 4b)  and  at  320  mw  and  350  mW  additional  soliton  pulses  became 
apparent  (Fig.4c,d). 

In  conclusion,  we  have  demonstrated  for  the  first  time  an  all-  ’’bre  module  capable  of 
generating  50  fs  fundamental  solitons  within  the  1.6  /urn  region  with  repetition  rates  as  high 
as  IGHz.  We  envisage  being  able  to  generate  pulses  as  short  as  20  fs.  Results  of  further 
investigations  into  the  properties  of  such  a  pulse  source,  including  detailed  measurements  of 
coloured  soliton  generation,  will  be  presented  at  the  conference. 

Acknowledgements;  The  Optoelectronics  Research  Centre  is  supported  by  the  U.K.  Science 
and  Engineering  Research  Council 
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Fig. 3  Background  free  autocorrelation  trace  and  spectrun  of 
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Repetition  rate  control  of  an  LD-pumped  femtosecond  erbium- 
doped  fiber  laser  using  a  sub  ring  cavity 

by 

Masataka  Nakazawa,  Eiji  Yoshida,  and  Yasuo  Kimura 
Nonlinear  Optical  Transmission  Media  Research  Group 
NTT  Optical  Transmission  Line  Laboratory 
Tokai,  Ibaraki-ken  319-11 
Japan 

With  a  view  to  generating  femtosecond  pulses  from  lasers,  an  additive 
pulse  modelocking  (APM)  technique  has  recently  been  developed,  in  which 
a  nonlinear  Fabry-Perot  cavity  plays  an  important  role  in  narrowing  the 
output  pulse  by  using  interference.^  The  pulse  operation  mechanism  of  the 
laser  can  be  classified  as  fast  saturable  absorber  modelocking.  An  alternative 
way  to  obtain  nonlinear  interference  is  to  use  an  optical  fiber  loop  instead 
of  the  nonlinear  Fabry  Perot  fiber  cavity.  Doran  and  Wood  presented  an 
interesting  idea  for  switching  the  pulse  which  is  accompanied  by 
simultaneous  pulse  shaping,  the  so  called  nonlinear  optical  loop  mirror 
(NOLM).2  Fermann  et  al.  presented  a  modifled  NOLM,  which  is  called  the 
nonlinear  amplifying  loop  mirror  (NALM).^  An  EDFA  is  installed  inside 
the  loop  mirror  which  is  terminated  by  a  50  :  50  coupler.  Thus,  low 
threshold  switching  can  be  realized  in  the  NALM. 

Recently,  Duling^  and  Richardson  et  al.5  reported  very  interesting  results 
for  femtosecond-picosecond  pulse  generation  from  erbium-doped  fiber 
lasers  with  a  NALM,  and  a  theoretical  investigation  of  a  pulse  laser  with  a 
NOLM  was  also  reported.^  We  also  succeeded  in  generating  a  290  fs 
femtosecond  pulse  from  an  erbium-doped  fiber  laser  with  a  NALM  pump^ed 
by  InGaAsP  laser  diodes.^  However,  it  was  very  difficult  to  control  the 
repetition  rate  of  the  output  pulse.  In  the  present  paper,  we  will  report  for 
the  .  first  time,  a  repetition-rate  controlled  low- threshold  femtosecond 
erbium-doped  fiber  laser  with  a  NALM  pumped  by  InGaAsP  laser  diodes.  * 
This  is  achieved  by  attaching  a  sub  ring  cavity. 

The  experimental  setup  for  the  femtosecond  erbium-doped  fiber  laser  is 
shown  in  Fig.  1.  The  laser  had  a  NALM  and  a  linear  loop  to  recirculate  the 
switched  pulse  through  a  polarization-insensitive  optical  isolator.  A  sub 
ring  cavity  was  attached  to  the  linear  loop  to  control  the  repetition-rate  of 
the  output  pulse.  The  transit  time  of  the  pulse  in  the  main  cavity  was  equal 
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to  an  integer  of  that, in  the  sub  ring  cavity.  An  EDFA  was  installed  in  the 
linear  loop  in  order  to  compensate  for  the  insertion  loss  of  the  sub  cavity. 
The  NALM  consisted  of  a  50:  50  fiber  coupler,  an  erbium-doped  fiber,  a  fiber 
coupler  to  pump  the  EDFA,  and  a  dispersion-shifted  fiber  for  nonlinear 
phase  change.  The  output  pulse  was  extracted  through  a  30  %  fiber  coupler 
in  the  linear  loop.  The  erbium-doped  fiber,  located  asymmetrically  within 
the  NALM,  had  a  length  of  10  m  and  a  doping  concentration  of  630  ppm 
with  a  4000  ppm  Al203-codoping.  The  modefield  diameter,  cut-off  and  zero 
dispersion  wavelengths  were  5.6  tun,  1.2  pm,  and  1.53  pm,  respectively. 
The  pumping  source  was  InGaAsP  laser  diodes  with  a  central  wavelength  of 
1.48  pm.  Polarization  controllers  (P.  C.)  were  installed  in  both  loops  to 
control  the  oscillation  modes  (Modelocking  or  (^switching)  and  to  initiate 
pulse  oscillation  when  the  laser  did  not  oscillate. 

The  output  power  of  the  fiber  laser  vs.  the  launched  pump  power  is 
shown  in  Fig.  2,  in  which  the  nonlinear  fiber  in  the  NALM  was  30  m  and 
the  GVD  was  -  0.8  ps/km/nm.  The  total  loop  length  was  60.8  m,  resulting  in 
a  fundamental  repetition  rate  of  3.29  MHz.  The  length  of  the  sub  ring  cavity 
was  1.60  m.  Thus,  a  repetition  rate  increase  of  38  times  can  be  expected. 

There  are  three  characteristic  areas  in  the  operation.  One  is  the  Q-switch 
operation  region,  in  which  the  laser  operates  in  a  self-starting  Q-switch 
mode  with  a  repetition  rate  of  125  MHz,  which  is  determined  by 
3.29(MHz)x38=125  MHz.  This  mode  was  obtained  at  a  relatively  high  pump 
power  of  larger  than  30  mW.  The  second  is  operation  in  a  modelocked 
condition  in  which  the  repetition  rate  of  the  output  pulse  can  be  stably 
controlled  by  timing  the  sub  ring  cavity  length.  This  mode  was  obtained  at  a 
pump  power  of  30~20  mW.  Typical  output  power  was  0.7-0.8  mW.  The 
third  is  also  operation  in  a  modelocked  condition,  but  the  repetition  rate 
was  unrixed.  The  repetitive  pulses  sometimes  disappeared.  This  operation 
was  achieved  in  the  relatively  low  pump  power  region  of  less  than  20  mW, 
and  the  modelocking  was  maintained  even  with  a  pump  power  of  as  low  as 
10  mW. 

It-  is  important  to  note  that  once  the  modelocked  condition  is  stopped  by  4 
decreasing  the  pump  power,  lasing  does  not  resume  unless  the  pump  power 
is  increased  to  around  50  mW.  Therefore,  the  system  exhibits  pump  power 
hysteresis.  This  means  that  a  low  pump  power  cannot  initiate  the  system, 
which  is  quite  understandable  since  a  low  pump  power  cannot  sustain 
sufficient  energy  in  the  cavity  for  nonlinear  switching. 
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The  experimental  results  for  the  repetition  rate  control  of  the  output 
pulses  are  shown  in  Fig.  3.  It  is  clearly  seen  in  (a)  and  (b)  that  a  uniform 
repetition  rate  was  achieved.  It  is  important  to  note  that  the  repetition  rate 
can  be  controlled,  but  amplitude  still  changes  with  time  as  shown  in  (b).  The 
average  output  power  of  0.7  mW  and  the  pulse  width  of  315  fs  give  a  p)eak 
power  of  17.8  W.  The  pulse  width  measured  with  an  autocorrelator  was 
about  315  fs  and  the  spectral  width  was  8.2  nm.  Thus,  AvAt  of  the  output 
pulse  is  approximately  0.32,  which  means  that  the  pulse  is  a  transform- 
limited  sech  pulse.  On  the  other  hand,  the  N=1  soliton  power  for  a  GVD  of 
-0.8  ps/km/nm  at  an  oscillation  wavelength  of  1.56  |im,  a  pulse  width  of  315 
fs,  and  a  spot  size  of  4  pm  is  about  12.6  W,  which  almost  agrees  with  the 
experimental  result.  Thus,  the  output  pulses  are  optical  solitons.  Although 
the  repetition  rate  is  neatly  fixed,  the  amplitude  of  the  pulse?  varies  with 
time.  Without  attaching  a  sub  ring  cavity,  the  modelocked  pulses  bunched 
together  and  the  repetition  rate  was  not  fixed.  Waveforms  (c)  and  (d)  show 
the  output  pulses  when  the  length  of  the  sub  ring  cavity  is  detuned  from  an 
inverse  of  an  integer  of  the  main  cavity  length.  Here  the  repetition  rate  is 
not  uniform.  However,  the  pulse  width  measured  with  an  autocorrelator 
did  not  change  even  in  the  detuned  condition. 

In  summary,  we  have  presented  a  simple  method  for  controlling  the 
repetition  rate  of  a  femtosecond  erbium-doped  fiber  laser  with  a  NALM  by 
attaching  a  sub  ring  cavity.  Although  it  is  not  easy  to  obtain  constant 
amplitude  output  pulses,  the  repetition  rate  can  be  completely  controlled. 
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Figure  1 


Experimentol  setup  for  the  repetition  rate  controlled  femtos^wd  erbium- 
doSd  nber  laser.  The  pumping  source  is  1.48  pm  InGaAsP  laser  diodes. 
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Figure  2  Output  power  vs.  the  lauiKhed  pump  power  of  the  laser. 


Figure  3 


« 


Repetition-rate  control  of  output  pulses  in  a  modelock  operation  nwde.  The 
repetition  rate  was  controUed  in  (a)  and  (b).  (c)  and  (d)  show  output  pulses 
when  the  length  of  the  sub  ring  cavity  was  detuned  by  +  1.5  nun  from  the 
inverse  integer  of  the  main  cavity  leng^. 
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A  Digital  Nonlinear  Optical  Loop  Mirror  Switch 

N.  Finlayson,  B.K.  Nayar  and  N.  J.  Doran 
BT  Laboratories,  Martiesham  Heath,  Ipswich  IPS  7RE. 


Ultrafast  all-optical  switching  has  been  demonstrated  in  a  number  of  silica  fibre 
interferometric  devices.  In  particular,  the  nonlinear  optical  loop  mirror  (NOLM),  first 
fabricated  by  us,  has  been  successfully  used  to  demonstrate  stable  ultrafast  multiplexing/de¬ 
multiplexing  for  high  bit-rate  optical  fibre  communication  systems  and  for  pulse  shaping  and 
pedestal  supression.  The  switching  power  tends  to  be  generally  high  due  to  the  small 
nonlinearity  of  fused  silica.  However,  the  signal  switching  powers  can  now  be  reduced  to  the 
order  of  microwatts  with  the  use  of  fibre  amplifiers  due  to  demonstrably  stable  operation  of 
NOLMs  with  very  long  loop  lengths  (>  5  km).  The  NOLM  exhibits  a  sinusoidal  CW 
transmittance  as  a  function  of  the  input  power.  The  development  of  an  ultrafast  digital  optical 
switch  for  all-optical  signal  processing  is  attractive  [1],  requiring  that  the  switching 
characteristics  be  sharper  than  sinusoidal.  One  approach  to  synthesizing  a  digital  switching 
characteristic  is  to  concatenate  nonlinear  fibre  interferometric  switching  devices.  In  this  paper 
we  present  the  results  of  the  first  switching  experiment  involving  two  concatenated  NOLMs. 
Digital  switching  characteristics  are  obtained.  The  device  can  also  be  used  for  generating 
nearly  square  pulses. 

The  theoretical  gains  that  can  be  achieved  by  concatenating  nonlinear  optical  switching 
devices  are  considerable,  as  shown  in  Rg.  1.  Sigmoid  power-dependent  characteristics  are 
obtained  which  are  suitable  for  performing  all-optical  logic  operations.  It  is  evident  that 
substantial  improvement  is  obtained  when  as  few  as  two  devices  are  concatenated.  In  order  to 
minimise  the  component  count  and  ensure  matching  of  the  characteristics  of  successive  NOLMs 
we  have  employed  a  novel  double-pass  design  to  realize  a  digital  switching  characteristic. 
The  experimental  configuration  is  shown  in  Fig.  2.  The  device  consists  of  a  single  NOLM  with  a 
linear  fibre  loop  mirror  spliced  at  the  output.  The  linear  mirror  can  be  configured  to  perfectly 
reflect  all  incoming  light  back  through  the  NOLM.  A  fibre  polarisation  controller  placed 
between  the  NOLM  and  the  linear  mirror  ensures  that  the  double-pass  signal  through  the  , 
NOLM  has  an  orthogonal  polarisation  to  that  of  the  single-pass  signal.  A  polarising  beam 
splitter  at  the  output  port  is  then  used  to  separate  the  single-pass  and  double-pass  signals, 
effectively  converting  a  two  terminal  device  into  a  three  terminal  device. 


PdlO-2 


The  CW  transmittance,  of  two  concatenated  NOLMs  in  absence  of  losses  is  given  by: 


J(2)  ^  y-d)  _  2a(i  _  a)[l  +  cos(l  -  ]} 

where  the  CW  transmittance  of  the  first  NOLM  is  T*''  =  1  —  2o:(l  —  q:)[1  +  cos(l  —  2(X)(pf/i^ . 

The  power  splitting  ratio  of  the  coupler  is  a:/(l-a)  and  a  *  0.5;  0sl  ~  is 

the  nonlinear  phase  change;  1  is  the  wavelength;  n2  is  the  intensity  dependent  refractive  index 
which  for  silica  fibres  has  a  value  3.2xl0‘20  m^W"^;  /  is  the  effective  fibre  length;  P{  is  the 
input  power;  and  Agjj  is  the  effective  mode  area.  The  theoretical  power-dependent 
transmittance  functions  for  a  single  NOLM  and  two  concatenated  NOLMs  is  shown  in  Fig.  3  (a). 
The  corresponding  experimental  results  are  shown  in  Fig.  3(b).  Considerable  sharperung  of  the 
characteristic  is  obtained  with  the  two  gate  device,  and  excellent  agreement  is  obtained  with 
theory. 

Pulse-shaping  effects  were  monitored  with  fast  InGaAs  photodiodes  along  with  a  40  GHz 
Tektronix  sampling  head.  In  Fig.  4  (a)  the  temporal  response  of  single-pass  reflected  and 
double-pass  transmitted  pulses  is  given  for  P,-  =  0£5xP„ ,  where  Pj[  is  the  peak  input  power 

required  for  switching  single-pass  NOLM  from  the  reflecting  to  transmitting  state  i.e. 
satisfying  the  condition  (1  -  2a)(t)f^i  ~  *  •  The  double-pass  trar«mitted  pulse  has  width  62  ps 

(FWHM)  compared  with  an  input  laser  pulse  width  of  125  ps  (FWHM).  The  reflected  pulse 
exhibits  a  corresponding  double  peaked  characteristic.  An  application  of  the  double-pass 
NOLM  is  in  pulse  shaping  to  produce  square  or  near-square  pulses.  The  transmitted  pulse  will 
have  an  optimum  "square"  temporal  profile  for  P,-  slightly  greater  than  Pf[  and  it  can  be 
theoretically  shown  that  this  occurs  for  P,-  =  l^^Pj:  independent  of  a  .  In  Fig.  4  (b)  the 
temporal  response  of  the  double-pass  pulse  corresponding  to  this  power  is  given.  The  pulse 
width  is  100  ps  (FWHM)  and  the  temporal  shape  is  significantly  squarer  than  the  Gaussian 
input  pulse  shape. 

In  conclusion,  we  have  demonstrated  for  the  first  time  the  synthesis  of  a  digital  switching 
characteristic  by  concatenation  of  nonlinear  fibre  interferometric  devices.  A  novel  configuration 
is  used  which  minimises  the  component  count  and  results  in  three  terminal  operation  of  the 
device.  This  switch  can  be  used  as  a  fundamental  gate  in  ultrafast  pipeline  all-optical 
processing  architectures.  In  addition,  it  has  been  shown  that  this  device  can  be  used  to  produce 
square  pulses. 
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Fig.  1  Theoretical  effects  of  loop  mirror  concatenation. 
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Fig.  2  Experimental  setup. 
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Fig.  3  Comparison  of  theoretical  and  experimental  characteristics  of  a 
double-pass  nonlinear  optical  loop  mirror  (a)  theory  (b)  experiment. 


(a)  (b) 

Fig.  4  Pulse  shaping  effects  in  the  double  pass  NOLM.  (a)  transmitted  and 
reflected  pulses  at  peak  transmittance  (b)  input  and  transmitted  pulses  at 
slightly  higher  power. 
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All-optlfcal,  alMiber  circulating  shift  register  with  inverter 

N.  A.  Whitaker,  Jr..  M.  C.  Gabriel,  H.  Avramopoulos,  A.  Huang 
AT&T  Bell  Laboratories.  Holmdel,  NJ  07733 

An  all-optical  fiber-Sagnac  interferometer  switch  and  erbium  amplifier  have  been  combined  to 
demonstrate  a  254  bit  circulating  shift  register  with  an  inverter. 


All-optical  information  processing  using  an 
ultrafast  effect  such  as  the  optical  Kerr  effect 
holds  promise  for  processing  throughput  rates 
which  are  faster  than  electronics.  To  build  a 
cascadable,  optical  three-terminal  device,  a 
control  beam  must  be  used  which  is  isolated 
from  a  separate  signal  beam.  Fiber  Sagnac 
interferometer  switches[l]  have  been  shown  to 
be  good  candidates  for  all-optical  processing. 
Two  disdna  optical  wavelengths  can  be  us^ 
[2-S],  in  which  case  lossless  combinarion  and 
separation  of  the  control  and  signal  can  be 
effected  using  wavelength  dependent  couplers 
or  filters.  Recently  a  polarizadon-based  switch 
was  denwnstrated  [6,7],  in  which  polarization 
rather  than  wavelengA  was  used  to  distinguish 
the  control  beam  from  the  signal  t^am. 
Identical  devices  with  polarization 
discriminated  inputs  ate  capable  of  being 
cascaded,  as  demonstrated  in  the  experiment 
described  here. 

Configuring  a  Sagnac  loop  as  a  three- 
terminal  switch  [6,7],  a  control  beam  is 
introduced  asymmetric^y  into  the  loop,  so  as 
to  travel  in  one  direction  only.  The  signal  beam 
is  split  into  two  equal  beams,  which  traverse 
the  Sagnac  loop  in  both  directions  and 
recombine  interfetometrically.  The  signal 
beam  is  held  in  a  single  linearly  polarized  state 
in  the  loop,  and  the  control  beam  is  introduced 
in  an  onhogonal  state  using  a  polarization 
combining  coupler.  When  the  control  beam  is 
absent,  the  recombining  signal  beams  interefere 
at  the  coupler  so  that  the  pulse  is  refleaed  back 
into  the  input  port  of  the  interferometer.  With 
the  control  beam  present,  a  nonlinear  phase 
shift  on  the  hitif  of  the  signal  beam  with  which 
it  co-travels  causes  the  pulse  to  be  transiititted 
rather  than  reflected.  For  this  demonstration, 
the  reflected  output  of  a  Sagnac  loop  switch 

(which  is  the  logical  inverse  of  the  control 
signal)  is  amplifi^  and  fed  back  to  provide  the 
control  signal  after  a  time  delay.  This 


configuration  implements  the  circulating  shift 
register  with  invener  shown  in  Figure  1.  The 
length  of  the  shift  register  is  determined  by  the 
time  between  pulses,  and  the  time  it  takes  the 
light  to  traverse  the  entire  circuit  The  clock  in 
this  case  is  provided  by  the  pulsed  laser,  and 
the  power  supply  is  provided  by  the  erbium 
amplifier. 

The  experimental  apparatus  is  shown  in 
Figure  2.  The  signal  pulses  were  generated 
from  a  synchronously  pumped  KQ:T1  F-center 
laser  (FCL),  pumped  by  a  modelocked 
NdrYAG  laser  at  1()0  MHz.  Autocorrelation 
showed  the  pulsewidths  to  be  approximately  IS 
ps.  The  wavelength  was  set  at  153 1.6  nm 
which  was  close  to  the  gain  peak  of  the 
amplifier.  After  the  light  was  coupled  into  the 
fibCT,  a  43:57  coupler  was  used  both  to  monitor 
the  light  from  the  FCL,  as  well  as  to  extract  the 
reflected  signal  which  was  amplified  to  form 
the  control  beam.  The  reflected  signal  is 
amplified  in  an  erbium-doped  fiber  amplifier, 
pumped  at  528nm  as  described  earlier  [7]. 

The  loop  is  formed  from  polarization 
maintaining  fiber  (PMF).  The  polarization 
maintaining  coupler  (PMC)  which  is  used  to 
form  the  Sagnac  interferometer  has  a  coupling 
ratio  vriuch  is  nominally  3  dB.  The  polarization 
combining  coupler  (PBSl)  and  the  polarization 
splitting  coupler  (PBS2)  are  used  to  couple  the 
control  beam  into  and  out  of  the  loop.  With 
ideal  components  this  makes  possible  lossless 
combination  and  perfect  isolation  of  the  control 
and  signal  beams.  The  length  of  the  loop  itself 
is  approximately  450  meters,  consisting  of  9 
sections  which  are  50  ±  5  m  in  length, 
separated  by  8  crossed-axis  splices.  This 
corresponds  to  approximately  96  ±  lOps  of  slip 
in  each  section.  These  splices  allow  die  contrd 
pulse  and  signal  pulse  to  multiply  interact 
[7,8],  and  provides  other  benefits  such  as  jitter 
independence,  removal  of  coherence  problems. 
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and  pulse  shape  tolerance[7].  Although  the 
transmission  tlrough  the  series  of  cross^-axis 
splices  is  approximately  90%,  the  reflectivity  of 
the  Sagnac  at  low  power  is  approximately  3  dB 

due  to  losses  at  the  splices  between  the 
couplers  and  the  PMF. 

The  polarization  controllers  were  set  by  first 
blocking  the  pump  to  the  EDFA,  and  using  the 
PCI  to  minimize  the  power  which  leaves  the 
system  at  DMP.  This  puts  the  polarization  of 
the  input  light  on  the  signal  axis  of  the  Sagnac 
loop.  The  amplifier  is  then  unblocked,  and  PC2 
is  used  to  minimize  the  output  power  through 
the  DMP  port,  which  this  time  is  mostly  control 
power.  This  procedure  puts  all  available  power 
from  the  amplifier  on  the  control  axis  of  the 
Sagnac loop. 

When  the  system  is  started,  there  is  no  control 
light  in  the  loop,  so  the  system  is  initially 
reflective.  The  reflected  pulses  are  amplified, 
and  254  pulses  are  reflected  before  the  first 
reflected  pulse  reaches  the  PBSl  coupler.  The 
reflected  pulse  co-travels  the  loop  with  the 
2SSth  signal  pulse,  and  shifts  its  phase  enough 
to  cause  it  to  leave  the  system  by  the  TO  port, 
rather  than  to  be  reflected.  Thus  no  reflected 
pulse  is  generated,  and  the  initial  corxlitions  are 
restored.  The  255th  through  508th  pulses  are 
transmitted,  and  the  509th  pulse  again  transits 
the  loop  mthout  a  control  signal  so  is  reflected 
once  again.  While  all  the  light  which  enters  the 
system  transits  the  loop  twice,  once  as  the 
signal  beam  and  once  as  the  control  beam,  the 
system  retains  the  information  about  the  initid 
state.  Thus  this  system  also  demonstrates  a 
fiber  loop  memory. 

Figure  3a  shows  the  resulting  envelope  of 
pulses  which  was  observed  at  the  CNTIX)  pon 
on  a  detector.  The  measured  period  is  5.08  its, 
which  is  twice  the  delay  of  the  loop.  The  circuit 
could  function  stably  for  hours,  until  the 
polarization  of  the  non-polarization-holding 
parts  of  the  circuit  drifted  out.  Occasionsdly  a 
burst  of  noise  would  enter  the  system  (from 
the  YAG  and  FCL),  and  a  new  pattern  of  O's 
and  I's  would  be  stored  in  the  circuit.  Figure 
3b  shows  the  complementary  pattern  of  pulses 
obtained  when  noise  causes  a  section  of  the 
pulse  train  to  drop  out.  These  ne  patterns  were 
stably  held  in  the  circuit  until  the  next  noise 
burst.  Figure  4a  shows  the  edge  of  a 
rectangular  pulse  train,  to  show  that  all  pulses 


were  either  unswitched  or  fully  switched.  No 
half-switched  pulses  were  observed.  This 
rectangular  pulse  train  has  a  rise  time,  then, 
which  is  close  to  the  half  width  of  the  15  ps 
pulses  which  were  used  to  drive  the  system. 
The  circuit  functioned  over  a  wide  range  of 
signal  powers  (18-60  mW  coupled  into  the 
fiber  from  the  FCL)  due  to  the  heavy  saturation 
of  the  EDFA.  The  gain  of  the  EDFA  was 
always  between  10  and  20.  Stable  behavior 
was  observed  as  the  output  power  of  the 
amplifier  was  varied  over  a  wide  range  (45  -  70 
ml^  with  35  mW  of  signal  light  coupled  into 
the  fiber. 

The  contrast  at  the  transmission  after 
adjusting  the  polarization  controllers  (Figure 
4b)  was  better  than  could  be  measured  from  the 
scope  photograph.  Without  adjusting  the  power 
or  the  controllers  to  the  system,  the  observed 
contrast  at  any  port  was  10:1  or  better.  The 
subility  of  this  system  is  due  in  pan  to  the 
digital  nature  of  the  switching  function  [6],  but 
also  to  the  use  of  birefringent  slip  in  the 
^larization  maintaining  fiber  to  absort>  timing 
jitter[7].  The  graph  in  Figure  5  shows  the 
effects  of  changing  the  delay  between  the  signal 
and  control  pulse  on  the  transmission  of  the  I's 
at  TO.  The  transmission  of  the  I's  (the  signal  at 
TO  divided  by  the  signd  at  MON)  is  essentially 
independent  of  the  timing  over  a  range  of 
approximately  100  ps.  This  agrees  extremely 
well  with  the  value  of  96  ps  £r^  the  averaged 
walkoff  times  of  the  cross-spliced  sections  in 
the  loop. 

This  experiment  demonstrates  that  the 
switching  function  provided  by  a  nonlinear 
Sagnac  loop  interferometer  is  sufficient  to  build 
an  infinitely  cascadable  system.  The  excellent 
contrast  and  true  binary  behavior  of  the  device 
exhibited  in  this  experiment  using  15  ps  pulses 
indicate  that  it  may  be  possible  to  perform 
cascadable  logic  operations  at  rates  which 
exceed  those  of  electronic  circuits.  This  is  made 
possible  in  large  pan  due  to  the  immunity  of  the 
system  to  pulse  shape  and  the  tolerance  of  the 
system  for  timing  jitter,  which  is  extremely 
important  in  an  ultr^ast  system.  The  ability  of 
the  system  to  hold  its  state  demonstrates  a 
simple  fiber  loop  memory,  and  also  a 
rudimentary  finite  state  machine.  This  result 
suggests  that  more  complicated  optical  circuits 
are  possible. 
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Figure  2:  Experimental  schematic. 


CLK 


Figure  1 ;  Logical  schematic  of  experiment 
showing  254  bit  clocked  shift  register  and 
invened  feedback. 


Figure  3:  a)  CNTLO  output  starting  from  an 
initial  condition  of  all  O’s.  b)  Shift  register 
output  starting  from  a  mixed  initial  condition. 


Figure  5;  Normalized  transmission 
liming  adjustment  showing  the  constant  he 
of  the  I’s  as  the  timing  is  varied  over  the 
window. 


Figure  4  :  a)  CNTLO  output  showing  the 
binary  nature  of  the  pulse  train  at  the  transition, 
b)  TO  output  showing  the  high  contrast  in 
transmission. 
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All-optical  analog-to  digital  and  digital-to  analog  conversion  based  on  cross-phase  modulation 

J.-.M.  Jeong  and  M.E.  Marhic 

Department  of  Electrical  Engineering  and  Computer  Science 
Northwestern  University 
2145  N.  Sheridan  Rd.,  Evanston.  IL  60208 
Phone:  (708)  491  7074 


Because  of  the  Increased  use  of  fiber-optic  sensors  and  fiber-optic  communications,  signals  applied  to  an 
optical  signal  processor  are  often  optical,  and  thus  optical  A/D  and  D/A  converters  should  handle  optical 
input  signals  directly  and  be  very  fast.  Optical  A/D  conversion  has  been  demonstrated  and  proposed  using 
an  electro-optic  waveguide  [1].  a  liquid  crystal  device  [2],  and  optical  logic  and  a  look-up  table  [3].  Optical 
D/A  converters  have  also  been  proposed  and  demonstrated  using  electro-optic  waveguide.  Papuchon  et 
al.  [4]  and  Lewis  et  al.  [5]  used  binary  weighted  electrodes  and  binary  weighted  neutral  density  filter  arrays, 
respectively. 

We  propose  a  technique  of  ultra-fast  nonlinear  processing  that  performs  A/D  and  D/A  conversion  entirely 
in  the  optical  domain.  The  basic  principle  of  operation  is  based  on  cross-phase  modulation  (XPM)  between 
a  pump  and  a  signal  of  different  wavelengths  due  to  the  optical  Kerr  effect.  The  fundamental  component  of 
all-opticad  A/D  and  D/A  converters  is  a  fiber-optic  Mach-Zehnder  interferometer,  as  shown  in  Fig.  1  (a).  In 
the  absence  of  the  pump,  the  interferometer  is  balanced  at  the  wavelength  of  the  probe.  In  the  presence  of 
the  pump,  the  interferometer  becomes  unbalanced  via  cross-phase  modulation  due  to  the  optical  Kerr  effect, 
and  the  output  power  is  given  by 

Po  =  (1) 


where  P,  is  the  power  of  the  probe  and  A4>  is  nonlinear  phase  shift,  is  given  by 

A<I>  =  Q  f‘'  -±):]dz. 

Jo  ^  5 1  ^ 


(2) 


where  Q  is  the  fiber  nonlinear  coefficient,  Pp(t)  is  the  pulse  shape  of  the  pump  pulse,  and  L  is  the  interaction 
length,  tji  and  Vg2  are  the  propagation  velocities  of  the  probe  and  the  pump,  respectively. 

A/D  conversion.  If  an  optical  analog  signal  is  used  as  an  input  pump  in  Fig.  1,  we  can  implement  A/D 
conversion.  As  shown  in  Eq.  (1),  the  output  powers  vary  sinusoidally  as  the  pump  power  is  increased.  This 
periodic  dependence  is  the  basis  of  an  A/D  converter.  When  the  interaction  length  is  small  compared  with 
the  pulse  walk-off  length,  A^i  is  proportional  to  the  pump  power  Pp(t)  and  the  interaction  length  L,  i.e. 
A^  =  QPp{t)L.  If  the  modulator  interaction  length  or  the  pump  power  differ  by  a  factor  of  2  between 
bits,  we  can  generate  Gray  codes  by  combining  the  interferometers  in  parallel.  In  this  converter,  if  we  u|e  a 
pulsed  laser  for  the  probe,  sampling  of  the  analog  input  signal  can  be  accomplished.  The  repetition  rate  of 
the  pulsed  laser  will  be  the  sampling  frequency. 

D/A  conversion.  The  basic  configuration  of  an  all-optical  3-bit  D/A  converter  is  shown  in  Fig.  1  (b) 
The  interaction  lengths  are  L.  2L,  and  4L  for  bit  0,  bit  1.  and  bit  2,  respectively.  The  pump  pulses  are  used 
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Figure  1:  (a)  The  fundamental  component  of  A/D  and  D/A  converters.  (  b)The  basic  configuration  of  3-bit 
D/A  converter.  Ci=3dB  coupler:  C2=WDM  coupler. 

for  the  applied  digital  word.  When  the  interaction  length  is  small  compared  with  the  pulse  walk-off  length  . 
the  total  nonlinear  phase  shift,  A4>,oi  is  given  by 

j 

=  (3) 

n=l 

where  =  1  or  0  depending  on  the  digital  bit.  Thus.  A<l>,ot  represents  the  analog  value  of  the  digital  word. 
Since  the  output  power  is  proportional  to  sin*( /2),  the  ouput  of  the  proposed  D/A  converter  does  not 
exactly  represent  the  analog  value  of  the  applied  digital  word.  However,  by  limiting  the  pump  power  and 
applying  an  appropriate  bias,  we  could  obtain  almost  linear  response. 

The  experimental  setup  is  shown  in  Fig.  2.  To  reduce  environmental  phase  fluctuations,  we  used  a 
Sagnac  interferometer  instead  of  the  proposed  Mech-Zehnder  interferometer.  For  the  pump  pulses,  we  used 
a  frequency-doubled  Nd:YAG  laser  at  the  wavelength  of  •532nm,  repeatedly  Q  switched  at  l-5kHz,  producing 
pulses  with  100-200  W  peak  power.  Pulse  lengths  were  IbOnsec  fwhm.  For  the  probe,  a  cw  He-Ne  laser 
was  used,  operating  at  the  wavelength  of  633nm.  The  power  coupling  ratio  of  the  WDM  coupler  was  99% 
at  532nm  and  5%  at  633nm.  The  excess  loss  was  less  than  0.2dB.  BSl,  BS2.  single-mode  fiber  loop  and 
WDM  coupler  constitute  a  Sagnac  interferometer.  We  used  a  red  filter  to  separate  the  pump  and  the  signal 
at  the  output  of  the  fiber  loop.  In  a  typical  experiment,  we  adjusted  the  optics  to  obtain  a  high-ccntrast 
interference  pattern  for  the  CW  probe  and  located  the  photomultiplier  tube  at  the  dark  fringe.  Here  because 
of  the  long  pump  pulse,  the  pulse  walk-off  length  is  much  longer  than  the  interaction  length. 

For  A/D  conversion,  we  used  the  input  B  only,  blocking  the  input  A.  and  varied  the  power  of  the  analog 
input  pump  by  a  factor  of  2  instead  of  the  interaction  length.  The  interaction  length  was  200m.  The 
modulated  outputs  for  the  falling  half  of  the  pump  pulse  are  shown  in  Fig.  3.  Fig.  3(a),  (b),  and  (c)  are 
the  output  of  the  MSB.  A  LSB.  and  LSB  when  the  peak  pump  powers  were  0.39  W,  0.77  W,  and  1.55  W, 
respectively.  The  solid  lines  are  the  theoretically  predicted  outputs  and  the  squares  are  the  measured  data 
points.  As  shown  in  Fig.  7,  the  maximum  nonlinear  phase  shifts  are  tt.  2v,  and  47r  for  the  MSB.NL^B, 
and  LSB.  respectively.  The  theoretically  calculated  value  of  the  pump  power  for  a  ir  phase  shift  is  0.4  W 
when  the  interaction  length  is  200m  long.  Fig.  3(d)  shows  the  corresponding  reconstructed  output  from  the 
measured  3-bit  Gray  codes.  The  dotted  line  is  the  shape  of  the  falling  half  of  the  input  pump  and  the  squares 
are  the  calculated  points  from  the  measured  data,  assuming  that  the  threshold  of  the  comparator  is  at  P,/2. 
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Figure  2:  Experimental  setup  for  3-bit  A/D  and  2-bit  D/A  converters 

For  D/A  conversion,  we  demonstrated  the  2-bit  D/A  converter.  We  used  the  input  A  and  B  for  the  2° 
bit  and  2'  bit,  respectively.  Interaction  lengths  are  lUOni  and  200m  for  the  2“  bit  and  2'  bit.  respectively. 
Fig.  4  shows  the  outputs  when  the  2-bit  digital  words  applied  to  the  interferometer  are  00,  01,  10,  and  11. 
respectively.  The  bit  values  0  and  1  are  equal  to  OW  and  0.13W  of  the  peak  power  of  the  input  pump  pulse, 
respectively.  The  nonlinear  phase  shifts  were  Ot.  1/3t.  2/35r.  and  t  for  the  input  digital  word  00,  01,  10, 
and  11,  respectively. 

In  conclusion,  we  have  proposed  and.  demonstrated  all-optical  A/D  and  D/A  conversion  in  a  two- 
wavelength  single-mode  fiber  optic  interferometer.  The  technique  has  many  advantages  relative  to  other 
conversion  approaches.  First,  the  proposed  converter  can  be  used  directly  with  optical  input  signals,  unlike 
in  the  electro-optic  waveguide  approach.  The  output  of  the  device  can  also  be  optical.  The  all-optical 
technique  can  be  very  fast  because  of  the  inherent  speed  of  the  optical  Kerr  effect.  Finally,  the  device  is 
relatively  simple  because  it  requires  no  electronic  circuits  and  otiier  optical  components.  The  concept  can  in 
principle  be  extended  to  single-wavelength  operation  by  using  cross  phase  modulation  between  two  orthog¬ 
onally  polarized  waves.  The  A/D  converter  demonstrated  here  supposes  the  existence  of  a  fast  threshold 
device,  which  has  yet  to  be  developed.  The  high  speed  D/A  converter  can  be  useful  in  the  generation  of 
various  shapes  of  wideband  analog  waveforms. 
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(  c)  (  d) 

Figure  3;  Experimental  data:  (a)  bit  0.  (b)  bit  1.  and  (c)  bit  2.  Solid  lines  are  theoretically  predicted 
outputs.  Squares  are  the  measured  data,  (d)  The  reconstructed  output,  assuming  the  detection  threshold 
at  P,/2. 
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Figure  4:  Experimental  data:  Outputs  for  the  input  digital  words  (a)  01,  (b)  10.  and  (c)  11. 
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